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"-.t.·._.__ INTRODUCTION 
A ma j or c onc e rn c onfront ing hydraulic  engine e rs is  
the  ongo ing problem o f  pre d ic t ing and c ontro lling s e d iment 
transport in unline d wate r  c arry ing c hanne ls . The s e d i ­
ment lo ad i n  a s tream is  not only indic at ive o f  c hanne l 
and land eros i on but als o affe c ts wate r  quali ty, navigat ion 
and the us e ful  life o f  a re servo ir . A number of  me thods 
have be e n  deve lope d ( e,g, ,  T offale t i, Eins te in ,  e tc . ) which 
c ompute s ediment load . - All of the se  me tho ds depend on a 
numbe r  o f  s e d iment prope rtie s , the most  s igni f ic ant be ing 
s e d iment s i ze , s edime nt spec if ic gravi ty and fall ve loc ity . 
F al l  ve l o c ity is c ons idere d by many t o  be the most  funda­
mental of the s e  prope rt i e s  ( 4 ) .  
F all ve loc ity , which  may be define d as the ve loc i ty 
at whi c h  a s e diment part ic le falls thr ough a fluid , is  im-
p ortant for  a number of  re as ons . I t  is  an indicat or of a 
p artic le ' s  s i ze and we ight s inc e the large r and he avie r  a 
p artic le is , the fas t e r  it falls through a flu i d  
�, it  re fle c ts the fluid ' s  c harac te r is t i c s . Fall 
ve loc ity is als o  use ful for c alc ulat ing re tent ion t imes in 
s e t tl ing bas ins and pre d ic t ing the loc at io n  of s e d ime nt de -
p o s its  in a re s e rvo ir . I t  has als o be e n  de t e rmine d that the 
fall ve l o c ity of a part ic le is dire c tly re l ated to the s tream 
ve lo c ity require d to  move part ic le s along a s tre am be d .  T he 
__/ 
mo s t  important applic at i on of fall ve loc i ty is i ts use in the 
2 
previ o us ly ment ione d  formulae for c omputing s e d iment trans -
p o rt load . 
T his  report furthe r examine s the c onc e p t  of  fal l 
veloc ity and pre s ents a c omput e r  program for  the c alc ulation  
o f  fall ve loc i t i e s  whi c h  me e ts the fo llowing c rite ria: 
1 .  T he re s ults mus t be ac c urate for  a wide range 
o f  p art i c le shapes , parti c le spec ific  gravit i e s  
and fluid  tempe rature s and s p e c ific  we ights. 
2 .  The me tho d o f  s o lut ion  mus t be  s imple and dire c t . 
BACKGROUND INFORMAT ION 
The ore t i c al Analys i s  
T o  s tudy fall ve loc i ty , a s phe r i c al p art i c le o f  
d i ame t e r  d falling through a fluid w i l l  be c ons ide re d . The 
following as s umpt i ons mus t be made : 
1 .  The fluid is of  uniform de ns i ty and vis c o sity . 
2 .  The part i c le i s  re le as e d  at re s t  in a qui e s c ent 
fluid of  inf inite e xtent . 
J .  The part i c le is  falling s traight downward and 
i s  no t ac c e lerating . 
When a part ic le is  re le as e d  at re s t , i t  be gins ac c e le rating 
d ownward unt i l  it  re ac he s  its terminal ve l o c i ty , usually 
J 
after  a very short pe r iod  of time. At its  t e rminal ve l o c ity , 
as sump t i o n  number thre e is me t. ( In this report the terms 
' fall ve l o c ity' and ' te rminal fall ve l o c i ty ' will be us e d  
interc hange ably . ) I f  the s e  as s umptions are me t ,  the s ub-
merge d  weight of the partic le equals the  drag forc e on the 
partic le  
( 1)  
whe re FR e quals the re s is tant forc e, Fw equals the we ight 
and FE e quals the buoyant forc e . 
I n  gene ral , 
2 2 
F _cD rr d p w R- 4 2 ( 2)  
whe re C D e quals the drag c o efficient and w i s  the terminal 
fall ve l o c ity of the partic le . If w i s  known ,  then CD c an 
be  de t e rmine d from F i gure 1 .  
1� 
1()3 
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FIGURE 1 DRAG C OEFF IC IENT VS . REYNO LDS NUMBER FOR 
SPHERES AND DISKS ( FROM REFERENCE 6 . )  
( REPR I NTED BY PERMIS S I ON OF AUTHOR) 
4 
A t  very small Reynolds numbe rs ( Re=wd;i; � 1 which  
o c c ur s  if  par t i c l e s  are very small or  the  flui d vis c o s i ty 
i s  ve ry large ) a d ifferent expres s i on i s  als o vali d  for the 
res i s t ant forc e . In 1 846 , S ir G e orge S t oke s (8) ,  as suming 
a very s low moving sphere , deve loped the f o rmula 
( 3 ) 
C ombi ne d  with Equat i o n  2 ,  this res ults in an e xpre s s i on for 
the drag c oe ff i c ent o f  
c = 24 D R e  
( 4) 
I n  this range , Equat i on 1 is s implifi e d  and re arrangement 
le ads t o  the fo llowing equat ion for t e rminal fall ve loc ity 
. _d2 (tJs - 1 ) g ( 5) 
w- 1 811 p 
A s  c an be s e e n  from F igure 1 ,  the S t oke s e quat ion is  vali d  
only whe n  Re "'- 0 .  5 ,  preferably Re < 0 . 1  . 
5 
S t oke s law is  limited  to  the l ower range of  Reyno lds 
numbe r be c aus e ·i t  c omple t e ly ignore s the i nf luenc e s  of in-
ertia and take s int o ac c ount only the influenc e s of vis -
c os ity as the part i c le move s through a flui d . A number of 
s c ient i s t s  (Os e en ,  G o lds te in , Shanks , S t ewarts on , Van Dyke , 
e tc . )  deve l op e d  equati ons that at leas t par t ially inc lude d 
inert i a  t e rms i n  the ir  s o lut ions . None of the s e , however , 
ac curate ly pre di c ts the drag c o e ffic ient beyond Re=2 ( 2 ) . 
For  Re > 2 ,  Equat i on 1 c an be change d .  T ak i
.
ng Ps as 
the dens i ty of  the part i c le and ? as the dens i ty of the fluid , 






Further r e arranging le ads to  
-[4d ( Ps - 1) g] 1 /2 w- )CD f 
( 6 )  
( 7 ) 
Figure 1 c an be us e d  t o  de t e rmine C
D
' but be c aus e 
b o th R e  and C
D 
are func tions of w ,  an iterative s o lution 
is ne c e s s ary to find w .  A trial value of Re is chosen and 
its c orre s ponding C
D 
value found. w is c alculat e d  from 
Equation 7 and a new Re=wd/v is c alc ulat e d  and c ompared  to  
t he  t rial value . T his pro c e dure is  repe at e d until the  new 
value of Re equals the Re  of the previous trial. 
Many empiric al e quations have been deve lope d (by 
Sc hille r ,  Dallaval le, Langmuir, Ols on ,  Rubey , e t c.) whic h 
at temp t t o  s imp lify the iterative pro c e dure ne c e s s ary to  
. de t ermine the drag c o efficie nt (2 ) .  T he se e quations , how-
6 
ever, are app lic ab le only under c e rtain spe c ifie d c onditions . 
Ano the r way to-avoid an ite rative s o lution is t o  use an 
auxillary s c ale. This s c ale of F R/ f).) 2 allows for a dire c t  
s o lution sinc e it is independent of the fall ve l ocity . In  
this c as e , FR is  the s ubme rge d weight 
F -fT d 3 ( f s -f ) g ( 8) R-'b . 
The pre c e ding information de alt e xc lus ive ly with 
sphe r e s. I n  prac tic e howeve r , s e dime nt p artic l e s are rarely 
t rue sphe re s . Be c aus e of this , the formulae and figure s  
that have b e e n  p re s ent e d  are , at be s t, a firs t approximation 
7 
for the fall ve l o c i ty o f  a natural s e d iment p art i c le . S inc e  
t he s hap e o f  a partic le has an influenc e o n  the drag , the 
s ubje c t  of shap e and s hape fac tors ne e ds c o ns i de rat ion . 
Shape 
T he s hape of a part i c le is  imp ortant be c ause it  
influe nc e s  b o t h  the  surfac e drag exe r te d  on that part ic le 
as we l l  as define s the z one of s e parat i on c r e at i ng form drag. 
F or this re as on a gre at ·de al of work has b e en done to  b e t te r  
unde rs t and th i s  effe c t.- Both analyt i c al and e xperime ntal 
analy s i s  have b e e n  c arr ied on for ge ome tric al ly re gular 
part i c le s  (cylinde rs , e l lips o ids , e t c.)  wh i le only exper­
ime ntal inve s t igat i ons have be en c arr i e d  o ut for irre gularly 
s hape d  partic le s (natural sand part i c l e s , for examp le ) .  
T h i s  re p o rt will only c ons ide r irre gularly shape d  part i c les . 
·Shape Fac tor 
I nve s t igat ion into shap e parame t e r  has been c onduc ted 
by many , inc lud·ing Wade l l , Heywo od , Krumbe in, Se rr , C orey , 
Malaika and McNown ( 8 ) .  The shape fac t ors s ugge s ted by Corey 
and Mala ika and Mc Nown , work ing inde p e ndent ly , t o ok the 
fo rm of 
1/2 SF = c/ ( ab ) ( 9) 
whe re a is the longe s t  (or major )  axis of the par t i cle , b 
is  the intermediate axis of the part i c le and c i s  the 
shorte s t  ( or mino r )  axis of the part ic le . A l l  axe s are 
mutually p e rpendic ular . 
It has b e e n  shown that within c ertain s tate d limi-
tations o f  ave rage partic le ro ughness and ave rage spe cif ic 
gravity, the C orey shape fac tor is prac tic al and invo lve s 
a minimwn amount o f  labor t o  me as.ure and c ompute ( 8) . 
CD vs. R e  Re lationship for Natural Partic le s 
8 
In the Army C orps o f  Engine e rs 1 954 rep o rt , "Influ­
enc e o f  Shape o n  the Fall Ve l o c ity o f  Se dime ntary Partic les" 
by Sc hul z , Wilde and Albertson, exp e rimental data invo lving 
the fall ve lo6ity o£ irre gularly shape d partic le s has b e e n  
c ompile d and analy ze d . The data came from work by Krumbe in ,  
Serr , Malaika , C o rey , W i lde and Sc hul z. Using the C orey 
shap e  fac tor as a third parame ter , a p l o t  of drag c o e ff ic ient 
vs. Reyno lds number f or the e xpe rime ntal data was made ( Fig­
ure 2 )  . As shown in Figure 2 
F/d 2 
C ___ nD-/-)w2/2 
( 1 0 )  
where F e quals the subme rge d we ight and dn equals the nom­
inal diame ter . .  T he nominal diame ter of a partic le is the 
diame ter of a sphere that has the s ame vo lume as that par-
tic le. I t  c an be  approximat e d  by 
d = ( 6abc/rr ) 1/3 n 
While Figure 2 is for naturally worn partic le s ,  
( 1 1 )  
Figure 3 is a similar graph for crusher fragments. Although 
they app e ar ident i c al at first glanc e ,  there are ac tually 
some diffe re nc e s  ind i c ating that when partic le angularity 
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c ons i de rat ion . This rep ort will deal only with naturally 
worn part i c le s . 
As  in F igure 1,  F igure 2 require s an iterat ive pro ­
c e dure if  the value o f  fall ve loc i ty i s  no t known and is t o  
be de t e rmine d . O nc e  again , an auxillary s c ale o f  F/f>v 
2 
c an be  us e d  to  avo id  the iterat ive pro c e s s . S hown in F igure 
4 for b o th naturally worn s e diment and c rus he r  fragme nts , 
this aux i llary s c ale has been terme d the s i ze c oe ffic ient 
d 3 (f's -f ) g  
C rr n s=b' --�-v-2 ( 1 2 ) 
By plott ing value s of  c8 vs . CD , F igure 5 i s  pro duc e d . 
I t  is  s tate d  in the report that us e o f  the CD vs . Re  
graphs (Figure s 2 and 3)  c ould re s ult in l arge e rrors . Care -
ful inspe c t i on of  the graphs reve als that at Re  gre ater than 
1 0 0, the re i s  wide s c atter of the data . This  fluc tuation 
in fall ve lo c ity has been at tribute d  t o  the ins tability of  
orientat ion  of the falling part ic le s , as s o c i at e d  with low 
value s of  the shape fac t o r , lack of symme try of the _partic les 
and high value s of the Reyno lds number . No  s tatis t ic al an­
aly s i s  of the variat ion in fall ve loc i t ie s  o f  e ac h  part ic le 
was pre s e nte d .  Despite  the se  fluc tuat i ons , the e rrors in­
vo lve d in us ing F igure 2 are c ons iderably l e s s  than what 
they would have been  if the sphe re line ( F igure 1) had be en 
us e d . B e c aus e the c3 vs . CD graph of Figure 5 was deve lope d 
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O ne final c omment that mus t  be no te d i s  that the 
Omaha D is tric t Corp s  of Engine e r ' s  library c opy of the re ­
port , "I nfluenc e of S hape on the Fall Ve loc ity o f  Sedime nt ­
ary P ar t ic le s" , had a no te at tac he d t o  it s tat i ng , " This 
public at i on us e s  s ome unverified  as s umpti ons which c ould 
lead to  e rrone ous res ults . "  A c over le tter ac c ompanying 
this author ' s  c opy ind ic ate s that none of the individuals 
invo lved wit·h the rep ort are " around anymore" so it c anno.t· 
be de termine d  what the spec ific problems we re . 
T he 1 95 7 re port ( report numbe r  1 2 ) , " S ome Funda-
mentals of P art ic le S i ze Analys is " , spons o re d by the Sub -
c ommittee  of  S e d ime ntat i on Inter -Agency C omm i t t e e  on Water 
R e s o urc e s  (I . A.C . W . R. )  mo difie s the CD vs . R e  c urve s as 
shown in F igure 6. C omparis on of F igures  2 and 6 reve als 
that the two are no t ide nt i c al . The report s tate s  thre e 
reas ons for this . 
1. In  S c hul z , A lbertson and Wilde ' s  re port , po ints 
for sphe ro ids , cyl inde rs, prisms and double c one s 
and the.c urve s for sphere s we re c ompute d from the 
e quat i on 
4 dn (fs-� ) g  or C =4 dn ( s - 1 ) g  ( 1 3 )  CD= 3 n 2 D 3 2 ,- w 2 w that i s , (� /4 ) d  was us e d  for the are a  but the 
po ints for o the rnpart ic le s  were c ompute d from 
n- d n (f s -!') g ( 1 4) CD= 3 2 
2 (Jw that i s , d was us e d  for the are a . All  drag 
c oe ffic ien£s plo tte d in Figure 6 we re c ompute d 
from Equat ion 1 3  and the re c ompute d  data move d 
the C vs . R e  c urve s upward exc ept the c urve for 
sphe r�s .  
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2. The undulati ons in the c urve s o f  F igure 2 have 
be e n  smo o the d p artly b e c aus e of  a re - e valuat ion 
16  
of  the  data and partly be c aus e a c urve repre senting 
the average for many part i c le s  of  d i fferent shapes 
( although of the s ame shape fac tor ) probably s hould 
no t show abrupt c hange s for small c hange s in Rey ­
no lds number . 
J, Data for abo ut 40 of the smalle s t  part i c les  we re 
no t given full weight becaus e t hey were inc ons is­
tent wi th those  fo r larger part i c le s  dropped  in 
o il and the vo lume and spe c ific grav i ty s hould be 
more ac c urate f or the large r part ic le s . 
Pre s umab ly , the re s ults are an improveme nt ove r Sc hul z e t  
al . F igure 13 of this  report , for examp le , i s  wide ly use d  
and ac c epte d . 
The c urve s fo r F igure 6 are for natural ly worn s e di-
ment part i c l e s  exc ept  for the sphere s . The re i s  a line for 
a shape fac to r  of 1 . 0 as we l l  as for sphere s b e c ause even 
though sphere s have a shape fac tor of 1.0, no t all part icle s 
with a s hape fac tor o f  1.0 are sphe re s . 
The c urve s o f  F igure 6 we re us e d  t o  c ompute the 
value s pre sente d  in T able 1 .  Although Table 1 lists the fall  
ve loc it ie s  for a· l imited  numbe r  of  c onditi ons , by interpo-
lat i on, the data may be us e d  for a wi de r range of c onditi ons . 
F igures 7 and 10 we re als o  p l o tte d from data ob ­
taine d  from F igure 6 by this author . F igure 7 is  a plot  of 
the drag c oe ffic i ent vs . the size c oe ffic ient . It is sim ­
ilar to  F igure 5 and diffe rs for the s ame re as ons F igure 6 
diffe rs from F igure 2 .  Figure s 8 and 9 are me re ly portions 
of F igure 7 ,  e nlarged for more ac c urate analys is . Figure 10 

































FROM REFERENCE 4 
PALL V!!LOCI'l'DS OP S!!DDCIItl' PAR'l'ICLES 
(ID Cll/aec] 
SpecU'ic �rtt7 2.00 SpecU'1c srartty 2.65 
Slw.pe ta.ctor Slape factor 
0.3 0.5 0.7 0.9 Spberea 0.) 0.5 0.7 0.9 Sphere a 
Ncainal diaa�eter • 0.20 -
0.84 0.90 0.95 1.00 1.
� 
I 
1.29 1.)8 1.48 1.57 1.66 
1.04 1.12 1.20 1.26 1.3) 1.56 1.68 1.81 1.92 2.05 
1.21 1.32 1.42 1.51 1.60 1.78 1.94 2.11 2.26 2.43 
1.27 1.40 1.51 1.61 1. 72 1.86 2.04 2.2) 2.40 2.58 
1.)6 1.5C 1.6) 1.75 1.87 1.99 2.18 2.40 2.59 2.8o 
1.51 1.67 1.8) 1.98 2.13 2.18 2.41 2.68 2.90 3.16 
Narln&l. diameter • 0.50 -
2.79 3.14 3.47 3.79' L..04 4.01 4.47 5.02 5.48 5.92 
3.19 3.61 4.02 4.41 L.. 73 4.50 5.12 5.72 6.)0 6.88 
3.5) 3.99 4.47 4.95 5.35 4.90 5.63 6.)1 7.02 7.68 
3.6) 4.1) L..64 5.16 5.58 5.0) 5. 79 6.5) 7.)0 7.97 
3.8o 4.32 4.88 5.4) 5.90 5.24 6.03 6.84 7.66 8.38 
4.02 4.62 5.25 5.87 6.40 5.52 6.38 7 .)0 8.24 9.05 
Narlnal diameter • 1.00 -
5.76 6.59 7.47 8.50 9.20 I 
7 .8) 9.04 10.4 11.8 12.8 
6.16 7.16 8.2) 9.36 10.3 8.21 9.66 11.4 13.0 14.3 
6.)9 7.58 8.86 10.2 11.2 8.49 10.1 12.1 14.0 15.6 
6.45 7.70 9.10 10.5 11.6 8.57 10.2 12.) 14.3 16.0 
6.54 7.88 9.)8 10.9 12.1 8.66 10.4 12.6 u.8 16.6 
6.65 8.09 9.60 11.4 12.9 8.77 10.6 1).0 15.6 17.5 
Narlnal di•eter •2.00-
9.50 11.4 1).8 16.) 18.1 12.4 14.9 18.4 22.1 25.2 
9.66 11.7 14.4 17.4 19.8 12.5 15.3 19.0 23.1 27.) 
9.73 11.9 14.8 18.1 21.1 12.5 15.5 19.) 23.9 28.9 
9.76 12.0 14.9 18.) 21.6 12.6 15.6 19.4 24.0 29.4 
9.79 12.1 15.1 18.7 22.2 12.6 15.7 19.5 24.3 )0.1 
9.8) 12.) 15.3 19.0 2).1 12.·6 15.8 19.7 24.7 31.0 
NOIIin&l. di•eter • 4.00 -
13.8 17.2 21.4 26.8 32.9 117.7 22.3 27.8 34.9 43.8 
13.8 17.3 21.6 27.3 34.6 17.7 22.4 27.9 35.3 45.8 
13.8 17.4 21.8 27.5 35.9 17.8 22.4 28.0 35.6 46.9 
1).8 17.5 21.9 27.6 36.3 17.8 22.4 28.1 35.7 47.2 
13.9 17.5 21.9 27.8 36.8 17.8 22.5 28.1 35.8 47.6 
13.9 17.6 22.0 28.0 37.4 17.8 22.5 28.2 35.9 48.1 
NOIIinal di•eter • 8.00 -
19.5 24.7 )0.9 39.2 52.4 i 25.1 31.7 39.6 50.4 67.5 19.5 24.7 )0.9 39.2 53.C 25.1 31.7 )9.6 50.4 67.5 19.5 24.8 )0.9 39.3 53.1 25.1 31.7 )9.7 50.5 67.5 19.5 24.8 30.9 39.3 53.1 25.1 31.7 39.7 50.5 67.5 19.6 24.8 J1.o 39.4 53.0 25.2 31.8 39.8 50.6 67.5 
19.7 24.9 )1.1 39.5 52.9 25.2 31.9 39.9 50.7 67.5 
17 

































































'fiiiU 1 ( Coat1JiuC) 
Specif"ic cruit7 1&.)0 Specific crn1 v 7 .So 
Shape factor Shape factor 
0.) o.s 0.7 0.9 Sphere a 0.) o.s 0.7 0.9 SpherH 
Ntai.nal di-.ter • 0.20 • 
2.21 2.1&2 2.62 2.76 2.94 ).7) 4.08 ra.w. 4.76 ).16 
2.6o 2.87 ).14 ).)6 ).61 4.)0 4.75 5.28 5.75 6.19 
2.95 ).27 ).62 ).90 4.22 4.8o ).35 6.01 6.58 7.10 
).09 ).42 ).8o 4.11 4.45 5.00 5.58 6.28 6.88 7.44 
).27 ).64 4.o6 4� 4.78 5.2S 5.90 6.64 7.)0 7.92 
3.51 ).98 4.48 4.87 ).29 5.65 6.110 7.19 7.9) 8.67 
Jlcaihal di••ter • o.� -
6.41 7.26 8.19 9.o6 q.90 10.0 u.s 1).0 14.5 15.9 
7.10 8.15 9.22 10.) 11.) 10.8 12.6 14.4 16.2 17.8 
7.62 8.79 10.1 11.3 12.4 11.4 1).4 15.5 11.7 19.) 
7.79 9.04 10 . 4 11.7 12.8 11.6 1).7 15.9 18.3 20.1 
7.99 9.)2 10.8 12.2 13.4 11.8 14.0 16.5 19.0 21.0 
8.24 9.76 11.4 1).0 14.) 12.0 14.!, 17.3 20.1 22.) 
Ncainal di•eter • 1.00. • 
u. 7 1).8 16.2 18.5 20.1& I 
17.0 20.) 24.5 28.6 )1.8 
12.1 1.4.4 17.3 20.2 22.5 17.3 20.9 2S.7 )0.7 31&.8 
12.3 1.4.8 18.1 21.5 24.) 17.5 21.) 26.4 )2.0 37.1 
12.4 1.4.9 18.4 21.9 25.0 17.5' 21.1& 26.6 32.5 37.9 
12.4 15.1 16.7 22.5 25.8 17.6 21.6 26.9 )).0 )9.1 
12.5 15.3 19.1 23.2 27.1 17.7 21.8 27.) 3).8 40.9 
NOilinal di•eter • 2.00 • 
17.7 21.7 26.9 32.8 38.3 24.9 )0.7 38.4 47.7 58.1& 
17.7 22.0 27.4 33.9 41.2 24.9 )1.2 38.9 48.8 61.2 
17.7 22.2 27.7 )4.6 43.4 24.9 .)1.4 )9.2 49.4 63.4 
17.7 22.3 27.8 )4.8 44.2 24.9 .)1.5 )9.3 49.6 64.0 
17.8 22.1& 27.9 35.1 45.1 24.9 )1.5 )9.4 49.8 65.0 
17.8 22.) 28.0 35.4 46.4 2$.0 31.6 39.5 50.1 66.2 
Ncainal dillll8ter • 4.00 • 
25.1 31.7 )9.5 49.9 65.5 I 35.2 44.·5 55.6 70.6 91&.1 25.1 31.7 )9.6 50.2 66.8 35.2 44.5 55.6 70.7 95.2 25.1 )1.7 )9.7 50.4 67.7 35.2 44.5 55.7 70.8 95.7 25.1 31.7 )9.7 50.5 68.0 35.2 44.5 55.7 70.8 95.7 25.1 31.8 )9.7 50.5 68.3 35.2 44.6 55.7 70.9 95.6 25.2 31.8 )9.8 50.6 68.6 )5.3 44.7 55.8 71.0 95.4 
Ncaina1 di•eter • 6.00 • 
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h as be e n  broken down and enlarge d int o. F igure s 1 1  and 12 to 
�llow for more ac c urate analys is . 
i J l  The fall ve loc ity data for spe c ific  gravity o f  2 . 65 
f r om T ab le 1 has be en  expande d and us e d  t o  pro duc e Figure 1 3 . 
T ' � e  expans ion has be en  limited to  quart z par t i c le s  be caus e 
� o s t  s e d iment has a spec ific gravity o f  aro und 2 . 65 . The 
c urve s o f  F igure 1 3  s how the re lat ions hip be twe en the nom-
i nal diame ter  and fal l  ve loc ity o f  a quart z p ar t i c le for 
<> s �ape fac tors o f  0 . 5 ,  0 . 7 and 0 . 9  and tempe rature s of  0 ,  
0 0 4. • 4 • 1 0 , 2 0 , 2 , JO and 0 C .  A shape fac tor  o f  0 . 7 is c ons id -
? �e d  ave rage for natural s e d iments . 
� Jmputer Appl i c at ions 
The formulae us e d  to  c alc ulate the s e diment trans -
) O r t i n  a s tre am often invo lve lengthy and repe t i tive c al -
:: LA.lat i ons .  T o  s ave t ime and re duc e e rrors , many c omputer 
� r ogr ams have be en  wr itten whic h  pe rform the ne c e ssary c al -
�.:--J la t i o ns .  Bec ause i t  is  an imp ortant parame t e r  of  mos t 
� r ansp ort formulae, fall ve loc ity is c alculate d ,  usually in 
� s ubro ut ine,  as part of ne arly all c ompute r  app l i c at ions . 
� J l lowing is  a d i s c us s ion of  five c omputer s ubprograms WDich 
j e t e rmine the ve loc ity o f  a fall ing partic le . 
S o nne n ;v 
M ichae l B .  S o nnen ( 1 1 )  has pre s e nte d a subroutine 
\·.-� i c h  de term ine s the fall ve loc ity of  a sphe r i c al partic le . 
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FIGURE 1 3  RELATION OF NOM INAL D IAMETER AND FALL VELOCITY FOR NATURALLY WORN QUARTZ 
PARTICLES FALL ING ALONE IN QUIESCENT DISTILLED WATER OF INFINITE EXTENT . 
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s o lely as an approximat i on o f  a natural part i c le ' s  fall ve l ­
o c i ty . S o nnen use s  the drag c oe ffic ient -R eynolds numbe r 
re lat i ons hip whi c h  he has divide d int o the s e  ranges given 
by Fair and G eye r ( 1 ) : 
Re  L.. 0 .  5 
24 + � + 0 34 0 . 5 -� Re < 1 o4 c � . ; D:.R e  -fRe 
4 CD = 0 . 4 ;  Re � 1 0 
( 1 5 )  
( 1 6 )  
( 1 7 )  
A trial value o f  CD= O . J4 is as sume d and the f a l l  ve loc i ty i s  
c alulat e d  from Equat i on 7 .  The Reynolds numb e r  is c alc ulated 
and the n depend ing up on the range in whi c h  i t  falls , the 
fall ve loc i ty of the par t i c le is de termine d . I f  the Rey­
no lds number falls in the range of Re � 1 04 , C D is  0 . 4 . .  If 
Re< 0 . 5 ,  S t oke s law i s  valid and Equat ion  5 i s  us e d  t o  de ­
termine the fall ve loc ity . At Reyno lds numbe r  be twe e n  0 . 5  
4 and 1 0  , an ite rat ive s o lut ion which  has alre ady be en ex-
p laine d  in previ ous s e c t ions is us e d  to  c alc ulate CD and 
t he n  fall ve loc i ty . 
Obs e rvat ion o f  F igure 1 reve als that ass uming CD= 0 . 4  
at Re  � 1 04 is  no t very ac c urate , e spe c ially at R e  "::> 1 05 where 
the Reyno lds numbe r  is c loser  to 0 . 2 .  Ano the r s hortc oming 
o f  S o nnen ' s  me thod is  the use of  the tri al and e rror pro ­
c e dure at Reyno lds numbe r be twe en 0 . 5 and 1 04 . T his itera-
t ive pro c e s s  re quire s gre ater  c ompute r  t ime t han does  a d ir ­
e c t  s o lut ion and the gre ater the c ompute r time use d ,  the 
gre ate r the c os t  to the use r . The maj or d is advantage o f  
l \ ; 
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this  me tho d is that i t  is  vali d  only for  sphe re s . For  this 
re as on ,  i t  has lim i te d ,  if any , use for programs invo lving 
the s e diment transport o f  natural partic le s . 
Rubey Equat ion 
T he Rubey e quat i on , pre sented  in 1 93 3 by  William 
R ubey ( 7 ) , t ake s the form of 
WJ(i 32 + � ) 1/2 _ (2f"" 2 ,) 1/2 J ( gd ( s - 1 ) ) 1/2 ( 1 8 )  � ) dJ g s - 1 ) d� 
I t  i s  c laime d by Rubey t o  be ac c urate for natural s and and 
grave l parti c le s . Be c aus e o f  its  s impli c i ty i t  has found 
use in many c omput e r  programs inc lud ing the M i s s o uri  R ive r 
D is tr i c t ( MRD ) S e dime nt S e r i e s  programs . T he s e  programs , 
pre s e nt ing me thods o f  c omput ing se dime nt d i s c harge , s ugge s t  
us ing the Rubey e quat i on to  c alc ulate fall ve loc ity unle s s  
the spe c ific transport  func t ion provide s i t s  own me thods for 
de te rm ining fail ve l o c it i e s  ( 5 ) . The ac c uracy o f  the Rubey 
e quat i on will  be d is c us s e d  in a late r s e c ti o n  o f  this report 
when its re s ult� are c ompare d to  the re sults  of o ther me -
tho ds . H oweve r , the obv ious l imitat i on of the Rubey e qua­
t i on , whi c h  c an le ad t o  inac c urate re sults , i s  that it does  
not take int o ac c ount the shape fac t o r  o f  a par t ic le . 
· S e nturk 
In the ir text , " S e diment T ransport T e c hnology " , 
D aryl B .  S imons and F uat S enturk pre s e nt a c ompute r  program 
( by S enturk) whi c h  c a lculate s s e diment transport by diffe rent 
2 9  
me thods . Inc lude d is  a s ubrout ine whi c h  c alc ulate s fall  
ve lo c ity . Unfortunate ly ,  the program i s  poorly document e d  
s o  a c e rtain amo unt o f  spe c ulat ion mus t b e  made a s  to  Sen­
turk ' s  me tho d . I t  appears that a s ingle c urve ( i . e . , for 
one tempe rature only ) from F igure 1 4b o f  ' Se d iment Transport 
T e c hno logy ' was us e d . F igure 1 4b is  a d iame t e r  vs . fal l 
ve l o c ity re lat i onship s imi lar to Figure 1 3 .  Var i ous value s 
o f  d i ame t e r  and the ir c orre sponding fall ve l o c i ty are plac e d  
i n  the data . With a know� diame te r , the fal l  ve loc ity c an 
be c alc ulate d by inte rpo lat ing be twe en g ive n  value s of d 
and w .  T he me tho d  is  a non- ite rat ive pro c e dure s o  it  c on­
s ume s little t ime . T he l imitat i on of S e nturk ' s  me tho d is 
that it  is ac c urate for only one s hape fac t o r , one spec ific 
gravity and one tempe rature . S imons and S enturk make no 
ment i on o f  whi c h  s hape fac tor or part ic le spe c ific  gravi ty 
are us e d  in F igure 1 4b , nor do e s  Senturk spe c ify which  tem­
pe rature c urve was us e d  in his program , mak ing the ac curacy 
of the pro c e dure eve n mo re que s t ionable . 
S hen 
I n  the  MRD Se diment Serie s Numbe r  1 7 , " S e d ime nt 
Transport Re lat ionships ' ' , H . W .  Shen  and W . C . Wang pre sent a 
c omputer app l ic at i on o f  S hen ' s transport func t i on . Shen 
use s  a me tho d s imilar to S enturk ' s  t o  c ompute fall ve loc ity . 
S he n ' s me tho d , howeve r , i s  more deve lope d and is ade quate ly 
d o c umente d .  She n d igit i z e d  the data from F igure 6 in 
. I 
J O  
I . A . C . W . R .  Report  1 2 , " S ome Fundamentals o f  P art ic le S i ze 
Analys i s " ( F igure 1 3  in this report wi th t he e xc ep tion o f  
the replac eme nt o f  nominal d iame ter  fo r s ieve d i ame ter)  . In 
the s ame fashi on as S enturk , the fall ve loc i ty for a par ­
t ic le o f  known diame t e r  and water tempe rature c an be c om­
put e d  by int e rp o lat ing b e twe en the give n data . While Shen ' s  
me tho d is  ac c urate fo r a wide range o f  t emperature s ,  it , 
l ike S enturk ' s ,  is  ac c urate for only a s ingle s hape fac tor 
( 0 . 7 ) and a s ingle part i c le spe c ific  gravity ( 2 . 65 ) . 
HEC - 6  Me thod 2 
HEC - 6 , c omp le ted at the Hydr o logic Engine e ring C e n­
ter by W i lliam A .  T homas , is  a s imulat ion program des igne d 
t o  analy z e  s c our and dep os i t i on in a s tream ( 3 ) .  Although 
it is no t s o le ly a s e d ime nt y i e ld program , i t  mus t de termine 
the ab i l i ty o f  the s tre am to transport s e diment . The ori ­
ginal me thod use d  to  determine fall ve loc i ty for us e in the 
transport formulae of HEC -6  may be ent i t le d  HEC - 6  Me thod 1 .  
T he me tho d as s ume d a s hape fac tor of  1 . 0 s o  i t  c annot  be 
c ons idere d ve ry ac c urate and will  no t be d i s c us s e d  any fur­
the r . 
I n  1 98 0 , David T .  Williams deve lope d an alternat ive 
subro ut ine to c alc ulate fall ve l oc ity for  HEC - 6 . This me tho d 
will be c al le d  HEC - 6  Me tho d 2 .  The subrout ine , l ike Shen ' s ,  
ut i l i z e d  I . A . C . W . R .  Report 1 2 , with W illiam s ' us ing F igure 1 
o f  that report ( F igure 6 in this report ) . S im i lar t o  S onne n ' s 
metho d , W illiams c omb ine s  c urve fitt ing and an i t e rat ive 
pro c e dure t o  c alc ulat e part i c le fal l ve loc i ty fr om CD vs . 
R e  c urve s . T he ma j or d i ffe renc e  i s  that W i l l i ams take s 
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s hape int o  c o ns ide rat i o n . T hi s  me tho d w i l l  b e  l o oke d at in 
gre ate r  de tai l be c aus e furthe r re ferenc e  w i l l  be made to it 
and its re sults will be dis c us s e d . 
T he input r e quirements for Me tho d 2 are part i c le 
s i z e , s hape fac t or , wat e r  tempe rature and part i c le spe c ific 
gravity . An ini t ial e s t imate of the fall ve loc i ty is made 
from the Rubey e quat i on �nd an ini t ial R eyno lds numbe r  c al­
c ulat e d .  If  the c alc ulat e d  Reyno lds numbe r is  gre ater than 
2 0 0 0 , the drag c o e ffic i e nt is  c ompute d  from 
C D = . 47 - 1 . 8 J ln ( SF )  ( 1 9 )  
and the fall ve lo c i ty i s  de termine d from Equat i o n  6 .  I f  the 
first e s t imate of R eyno lds numbe r  is  le s s  than 2 0 0 0 , the term 
C R e 2 _4dJ ( s - 1 ) g  D 3 y 2 
i s  c alculate d along w i th 
( 2 0 )  
CD =P 1/R e+P 2/ ( Re )
1/2+ DUM2 - ( I  6 . 9 6 -Re ' 5 1 I /R e · 6 2+ 1 . 45 ) ln ( SF )  
( 2 1 )  
where P 1 , P 2 and DUM2 are c o e ffic i e nts  use d i n  the curve 
f it t ing depe nding upon whi c h  of the f o ll owing ranges the 
Reyno lds numbe r  falls : 
1 5 0 �  Re <. 2 0 0 0  
1 0 �  R e ...::: 1 5 0 
1 0 >  Re 
A new Reyno lds numbe r  is  c ompute d  from 
Re = ( CDRe
2/CD )
1/2 ( 2 2 ) 
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where CDRe
2 i s  from Equat i on 2 0  and CD is  from Equat i on 2 1 . 
If  the new value of  Re  i s  within one t enth o f  one percent 
o f  the f irs t e s t imate of  Re , the fall ve loc i ty is  c alc ulate d . 
I f  the two value s of  Re  are no t within 0 . 1% o f  e ac h  o ther , 
a new Re  i s  c alculate d us ing the s e c ant me thod ( Fo r  infor ­
mat ion o n  the s e c ant me tho d , c onsult a numer i c al analys is  
text . ) , a new CD is  c ompute d  from Equat i on 21  and the new Re 
c alculat e d  from Equat i on 22 and c ompare d to the previ ous Re . 
T hi s  i terat i o n  is  rep e at � d  unt i l  the new R e  and the previ ous 
Re are within one tenth of one perc e nt of e ac h  o ther . The 
fall ve loc ity is  then c alc ulat e d  us ing the R eynolds numbe r .  
A l i s t ing o f  the program i s  found in the appendix . 
Williams ' me thod has the advantage o f  t aking all the 
proper t i e s  of the p art ic le and fluid  into c ons iderat i on 
( i . e . , spe c if i c  grav i ty , kinemat ic visc o s i ty and s hape fac ­
to r )  and its  re s ults c ompare we ll to  the data in T able 1 as 
will  be d i s c us s e d  in a future s e c t ion . The ma j or drawbac k 
o f  this me thod is its  iterat ive pro c e dure . A s  discus se d  
before , this c an b e  c o s t ly . Wi lliams ' s ubrout ine als o employs 
a s igni f i c ant amount of branc hing within i t s  s truc ture which 
makes i t  difficult to  fo ll ow wi thout c areful  s tudy . This  is 
only a minor problem unt i l  the programmer is  fami liar with 
the proc e dure . 
C OMPUTER PROGRAM T O  DETERMINE FALL VELOC ITY 
OF NATURALLY WORN PART ICLES 
The pre c e d ing s e c t ion discus s e d  five c ompute r me -
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tho ds o f  de t e rmining fall ve loc ity and the advantages and 
dis advantage s o f  e ac h  me thod . The m o s t  c ommon dis advantages 
o f  the me thods l i s t e d  we re one or a c ombinat i on of the fo l-
l owing : 
1 . 
2 .  
A lac k  o f  us e r  input on the s e diment and fluid 
c harac teris t ic s  ( i . e . , the s hape fac to r , parti c le 
spe c if i c  gravity , kinemat i c  vis c os i ty , e tc . were 
he ld c o nstant by program ·c ons traint s ) . 
C o s t ly ite rat ive proc e dure s were us e d  i n  the pro ­
gram t o  de te rmine fall ve loc i ty . 
The program pre s e nt e d  in this report avo ids b o th of  the s e 
shortc omings wh ile ac hieving a highe r ac curacy . 
T he re lat ions hips that would be s t  all ow maximum us er 
input whi le avo i ding an iterat ive pro c e dure are those of  CS 
vs . C D and C S vs . Re  shown in F igure s  7 thro ugh 1 2 . Exam­
inat ion of  Equat ion 1 2 , 
C _fl'd 
3 ( s - 1 ) g s- 'b n v 2 
( 1 2 )  
reve als that the use r  may vary s e diment spe c ific  gravity and 
fluid k inemat ic  visc o s ity . By c oding in the c urve s o f  c on-
s tant s hape fac t o r  of the C S vs . CD and C S vs . Re graphs in 
the s ame me tho d us e d  by both Senturk and S he n , all charac -
teris t i c s  of  s e d iment and fluid are c ons idere d and the 
. I 
i te rat ive pro c e dure i s  avo ide d for the c omputat i on of  fall 
ve l o c i ty . 
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A flow d iagram o f  the program is  s hown in F igure 14 . 
� w  
A l i s t ing o f  the program as i t  was wr itten in FORTRAN IV 
and ran on an IBM 3 70 is in Append ix B . T he total c omputer 
e xe cut i o n  time is  approximate ly 1 . 2 6 s e c onds . S inc e the 
program c ons i de rs four me thods of finding fall  ve loc ity , the 
ac tual. ex ecut i on t ime of a s ingle me thod of c omputati on is 
muc h le s s . A l i s t  of variables and the ir c o rresponding de -
fini t ions is  in T able 2 . 
Main Program 
T he main program begins by dimens i oning ( i . e . , re -
serving memory spac e )  the program data o f  SF J , SF5 , SF7 , 
SF9 and SF1 0 . Us ing five separate READ s tatements , the a-
bove data is s t ored in memory . F o llowing WRI TE stateme nts 
whi ch pr int the t it le and c o lumn he adings , the us e r  input 
data of N and NESI , XNU , SPGRP , TEMP , SF , D ,  G and DENF are 
re ad . Figure 1 5  may be us e d  to determine the smalle s t  dia­
me ter par t ic le ( depend ing up on the wate r  tempe rature.
) that 
may be analyz e d . Depend ing upon the value of NESI ( 0  for 
English , 1 for SI  uni t s ) the part i c le diame ter  is c onverted 
from millime te rs to  fe e t  or me ters . . The value o f  P I  is s e t  
e qual to ) . 1 4 1 593 and then if XNU i s  le s s  than zero , the 
s ubrout ine KINVIS , wh ich  c alculates  the kinemat ic  vis c o s i ty , 
is  c alle d . 
. I 
RESERVE MEMORY SPACE 
FOR PRO GRAM DATA 
READ SED IMENT 
AND FLUID DATA 
NO 
CALCULATE KINEMAT IC 
VISC OS ITY 
CALL SUBROUT INE CDC S  AND CALC ULATE 
FALL VELOC ITY FROM CS VS . C D . RELAT I ON ­
SHIP , CALL SUBROUT INE REC S AND CALC ULATE 
FALL VELOC ITY FROM C S  VS . RE RELAT I ON­
SHIP , CALL SUBR OUT INE RUBEY , CALL S UB ­
ROUT I NE FVWES . 
YES 
FIGURE 1 4  FLOW DIAGR� 
. I 
3 5  
·� . 
36  
T ab le 2 .  Li s t  of  Variables Found in C ompute r  
Program and T he ir C orre spond ing Value s 









� C SA 
� D 
'/. DENF 







� NES I  
f._ P l  
C oe ff ic ient use d  in c urve fitt ing . 
Natural log of  s hape fac to r . 
C oe ff ic ient us e d  in c urve fi t t ing . 
C o e ffic ient of drag . . 
T emporary drag c oe ffic ient . 
T emporary drag c oe ffic ient . 
C o e ffic ient of drag multip l i e d by the Reyno lds 
numbe r  square d .  
F inal c ompute d Reyno lds numbe r  us e d  in sub ­
rout ine FVWES . 
S i z e  c o e ffic ient . 
T emporary s i ze c oe ffic ient . 
P artic le d i ame te r . 
F luid  dens ity .  
D i ffe re nc e  be twe e n  c ons e c utive e s t imat e s  ( J ) 
o f . Reyno lds number . 
C o e ffic ient use d  in curve fitt ing . 
S ec ond e s t imate o f  Reynolds numbe r  to - s tart 
s e c ant me thod of  c onvergenc e . 
Gravitat io nal c ons tant . 
Fall ve loc i ty ( us e d  in subrout i ne FVWES ) . 
F irst  e s t imate o f  fall ve l o c i ty ( us e d  in sub­
routine FVWES ) . 
Variable to  indic ate whe ther unit s  use d are 
Engl ish  ( NESI=O ) or SI ( NESI = l ) . 
C o e ff i c ient use d  in c urve fitt ing . 
i P 2  
..___/ P I  
P RCENT 
'1-- R 1  
R 2  
f- RJ  
v/' RE 







SFJ { I , J ) 
SF5 ( I , J ) c/"S� SF7 ( I , J )  
SF9 ( I , J ) 




T able 2 ( C ont inue d )  
C oe ffe c ient us e d  i n  c urve fi t t ing . 
J . 1 41 593 
P e rc e nt error be twee n  two c o ns e cut ive e s t i ­
mates  o f  R eyno lds number . 
T emporary value us e d  in Rubey e quat i on . 
T emporary value us e d  in Rubey e quat i on . 
T emporary value us e d  in Rubey e quat i on . 
Reynotds number .  
Reyno lds numbe r  of  the Jth ite rat i on .  
T emporary Reyno lds number .  
T emporary R eyno lds number .  
F irst  e s t imate of  Reyno lds number .  
S hape fac t or . 
T emporary value of  shape fac to r . 
T emporary value o f  shape fac to r . 
3 7  
F ive three  by ten matric e s  c ontaining the d i ­
g i t i ze d  C vs . CD and C vs . R e  c urves . The f irs t l in� o f  e ac h  matrlx c ontains ten log1 0  ( C  ) value s and the s e c ond and third line s  
c eRtain the c orre sponding log.1 0 ( Cn ) and log1 0 ( Re )  value s , re spe c t ive ly . SFJ is the matrix 
for a s hape fac tor  of O . J ,  SF5 for s hape fac ­
t or 0 . 5 ,  e tc . 
T emporary value of  shape fac to r . 
Spe c ific  gravity o f  the part i c le with respe c t  
to  the dens i ty o f  the fluid  us e d . 
D i ffere nc e  b e twee n  spe c ific  grav i t i e s  o f  the 
part ic le  and wate r . 











X ( I ,  J )  
� XNU 
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T ab le 2 ( C ont inue d ) 
T empe rature in de gre e s  C e ls ius . 
Variable u s e d  in c alculat i on o f  kinemat ic vis ­
c o s i ty . 
Variable us e d  in c alc ulat i on o f  kinemat ic vis ­
c os ity . 
T emp orary variable . 
C ons tant , two -thirds . 
Fall  ve lo.c i  ty from cs vs . CD re lat i ons hip . 
Fall ve loc ity from cs vs . Re re lat i onship . 
F all  ve loc ity from Rubey e quat ion . 
Fall ve loc i ty from HEC - 6  Me tho d 2 ( s ubrout ine 
FVWES ) . 
Subrout ine matrix of  SFJ through SF 1 0  . . 
K inemat ic visc os i ty of  the f lui d . Program 
will c alc ulate kinemat ic  vis c o s ity ( of water 
only ) i f  ne gat ive value s are input for XNU . 
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F o llowing the de te rminat ion of XNU ( if require d ) , 
the value of  cs· is  c alculate d :  
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CS= ( ( PI/6 . ) *D*D*D* ( SPGRP - 1 . ) *G ) / ( XNU*XNU ) ( 2 3 ) 
� 1  and the subrout ine CDCS is c alle d . From the value of  CD 
de term ine d from s ubroutine CDCS , WCD is c alculate d :  
WCD = ( ( 4 . *D* ( SPGRP - 1 . ) *G ) / ( J . *C D ) ) **0 . 5  ( 24 )  
Aft e r  the c omputat i on of  WCD , subrout ine RECS i s  c alle d . 
WRE is  c alculated  from the value of  RE upo n  the re turn to 
t he main program . 
WRE= ( RE*XNU/D ) ( 25 )  
T he subrout ine RUBEY , which c alc ulat e s  the fall ve loc ity by 
the Rubey e quat i on , i s  c alle d  upon next . 
F o llowing the c alculat i on of  fall ve loc i ty by the 
Rubey e quat i o n , the s ubrout ine FVWES is  c alle d . With the 
re turn to the main program , c onve rs ions are made and more 
he ad ings are printe d along with the output value s of D ,  SF , 
SPGRP , TEMP , WCD , WRE , WRUBE and WWES . If more part ic le s  
remain t o  b e  anaiy ze d , the program re turns t o  re ad more data 
and the who le pro c e s s  is  repe ate d .  I f  no more partic le s re ­
main to be analy z e d , the program e nds . F o llowing is  a dis ­
c us s i on o f  the seve n  s ubrout ines found in the program . 
S ubro ut ine KINVIS � 
Subrout ine KINVIS is us e d  to c alculate the kinemat ic 
vis c o s ity of  wate r  if i t  is  unknown to  the us e r . T he for -
mulae us e d  are for SI  uni ts s o  the c onve rs i on o f  temperature 
is  made from degre e s  F ahrenhe it to  degre e s  C e ls ius if ne c ­
e s s ary . If  TDCD is le s s  than 2 0 , the k inemat ic vis c os ity 
i s  c alculate f�v 
XNU= 1 0 . ** ( 1 J0 1 . /( 9 9 8 . JJJ+ 8 . 1 855*TDCD+ . 0 0 5 85*TDCD*TDCD )  
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- J . J02JJ ) ( 2 6 )  
I f  TDCD i s  gre ate r  than 2 0 , 
XNU= 0 . 0 1 0 0 2* ( 1 0 . ** ( ( 1 . J 2 72*TDC F - . 0 0 1 05J*TDCD*TDCD ) /  
( T DC + 1 0 5 . ) ) ) ( 2 7 ) 
XNU i s  then c onverte d from cm2/s to m2/s and then t o  ft2/s 
if nec e s s ary . This  me thod for the de terminat ion  o f  kinematic  
vi s c os ity i s  from HEC - 6 . 
Subroutine CDC S  
Subrout ine CDC S determine s the CD value c orre sponding 
t o  the c al c ulat e d  C S . F o llowing the DIMENS I O N  s tatement to  
re s e rve s to rage for the  s ame values as the main program , 
the subrout ine SFINTR is c alle d to  de term ine SFT . SFINTR 
is us ed to find the programme d  values of s hape fac tor ( O . J ,  
0 . 5 , 0 . 7 ,  0 . 9 and 1 . 0 )  that brac ke t  the given value of shape 
fac tor . ( F or e xample , if the use r  inputs a value of $F= 0 . 4 ,  
SF INTR , when f irs t c al led in CDCS , wi ll  f ind a value of 
SFT = O . J .  T he s e c ond t ime SFINTR is c alle d , i t  de termine s  a 
value of SFT = 0 . 5 . )  With the value of SFT , the s ubrout ine 
INT RP is c alle d  and the value of CD is de termine d . C D 1  is  
then s e t  equal t o  CD and SF 1 set equal t o  SFT . A test  of 
whe ther SF equals SFT is  made . If SF doe s e qual SFT , no 
further c alculat i on or interpolation  is ne c e s s ary and the 
firs t c alculat e d  CD is use d  to c alculate WCD in the main 
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program . O therwise , SFINTR is c alle d again and ano ther SFT 
i s  found ( in this c as e , the ne xt gre ate r  value o f  program 
shape fac tor )  . Ano ther value of CD is  found from the sub ­
r out ine INTRP and CD2 =CD and SF2=SFT . W ith the value s of CD1 , 
CD2 , SF 1 and SF2 , the ac tual value o f  CD c orre sponding to  
the input value of SF  is  c alculate d from : 
CD= 1 0 . * * ( ALOG 1 0 ( CD 1 ) - ( ( ALOG 1 0 ( CD 1 ) -ALOG 1 0 ( CD 2 ) ) *  
( ALOG 1 0 ( SF ) -ALOG 1 0 ( SF 1 ) ) / ( ALOG1 0 ( SF 2 ) -ALOG 1 0 ( SF 1 ) ) ) ) )  
( 2 8 )  
T hi s  value o f  C D  is  use d  t o  c alc ulate WCD i n  the main pro -
gram . 
Subrout ine RECS / 
Subroutine REC S  works in the s ame manner as · sub -
rout ine CDC S . The variables  of RE , RE1 and RE2 are use d in 
p lac e of CD , C D 1  and CD2 respe c t ive ly . The value of RE , 
de termine d in s ubrout ine REC S , is  us e d  t o  c alc ulate WRE in 
the main program . 
S ubrout ine INTRP - �0� 
Subrout ine INTRP use s  interp o lat ion  t o  de termine 
value s of RE and CD for the c alculate d value o f  C S . An in­
i t ial t e s t  is  made to de termine whe the r  or no t cs falls in 
the s traight l ine p ortion l of the cs vs . C D o r  the cs vs . Re 
c urve s ( i . e .  , the s e c t ion of the curve s in whi c h  CD i s  a 
hori zontal l ine or c8 vs . Re has a c ons tant s l ope)( · If CS  
falls in  this range , ·  CD o r  RE is  c alculate d from 
Y =B*S QRT ( CS )  ( 2 9 )  
whe re Y e quals CD or  RE , B equals the c ons t ant value of 
CD from the c 8  vs . C D c urve s or a c ons tant for a given 
s hape fac t o r  o n  the c8 vs . Re curve s and CS  e quals 1 . 0 if  
C D  is t o  be  de termine d o r  the c alc ulat e d  CS  i f  RE  is  to be 
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found . T he pro gram then returns t o  subrou t ine CDC S  or RECS . 
When CS  doe s not fall in the s traight l ine port i on 
o f  the c urve s , a lo op is e ntere d and the pro gram data o f  CS 
i s  s e arche d  unt i l  a value that is gre at e r  t han l og ( C S )  is 
found . T he l o op is  then _ e xite d and CD or  RE are c alc ulate d 
from 
Y = 1 0 . ** ( X ( I , J- 1 ) + ( ALOG 1 0 ( CS ) -X ( 1 , J - 1 ) ) * ( X ( I , J ) -
X ( I , J - 1 ) ) / ( X ( 1 , J ) -X ( 1 , J- 1 ) ) )  ( J O )  
where Y i s  C D  o r  RE and the X ( I , J ) value s are the pro gram 
value s of C S and c orre sponding CD and Re . T he pro gram then 
re turns to  C DC S  or REC S . 
Suorout ine SFINTR / r 
< 
Ment i on of subrout ine SFINTR has alre ady be e n  made 
in the d i s c uss ion  of subrout ine CDC S . T he f ir s t  t ime SFINTR 
is c al le d , t e s ts are made to de term ine whi c h  range ( be twe en 
O . J and 0 . 5 ,  be twe en 0 ; 5 and 0 . 7 ,  e tc . ) SF falls in . When 
the range is  de te rmine d ,  SFT is  as s igne d the lower value of 
the range and the pro gram re turns to subrout ine C DCS or RECS . 
The s e c ond t ime SFINTR is c alle d , the range in which 
SF falls i s  again de t e rmine d and this t ime SFT is  set  e qual 
to the upper value of the range . The program again re turns 
t o  CDC S  or REC S . 
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S ubrout ine RUBEY and Subrout ine FVWES 
Subro ut ine s RUBEY and FVWES will only be menti one d  
s inc e they have be en dis c us s e d  i n  previ o us s e c t i ons . Sub-
rout ine RUBEY us e s  the Rubey e quat ion to  c al c ulate the fall 
ve loc i ty in the s ame manner as the Miss ouri R iver Dis tric t 
S e diment Serie s programs . FVWES de termine s  fall ve lo c ity 
us ing HEC - 6  Me tho d 2 deve lope d by David Williams at the 
Wate rways Experiment S tat ion . 
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DISCUSSION OF RESULTS 
T o  tes t the ac curacy of the program , part ic le s  of 
d ifferent s i ze s , spec ific gravities  and shape  fac t ors were 
t e s te d . T he fluid us e d  was water at a c ons tant tempe rature 
o f  2 0 °C . T he re sults of the program were c ompared to T able 
1 .  I t  mus t  be no te d that c omparis on t o  T ab le 1 is no t ne c ­
e s s ar i ly an ind ic at ion  o f  the ac curacy of the program re ­
s ults  whe n c ompared t o · ac tual fall ve l o c i ty data . Table 1 
i s  c omple t e d  from dat a taken from F igure 6 whic h ,  as pre ­
vi ous ly d is c us s e d , has s ome inherent errors and approxima­
t ions . 
Thre e c onditi ons were us ed to  s tudy the re sults . 
T he firs t c ondit ion invo lve d vary ing the par t i c le diame ter 
for s hape fac t ors of O . J ,  0 . 5 , 0 . 7 , 0 . 9  and 1 . 0 whi le 
ho lding part ic le spe c ific gravity c ons t ant ( 2 . 6 5 ) . F or the 
s e c ond c ond it ion , partic le spe c ific gravity was again he ld 
c ons tant ( 2 .  6 5 )  _while shape fac tor was var i e d for partic le 
diame ters of 0 . 2 ,  0 . 5 ,  1 . 0 and 2 . 0 mm . For the final c on­
d i t i on , the spe c ific gravity was varie d fo r s hape fac tors 
of 0 . 3 , 0 . 5 ,  0 . 7 ,  0 . 9 and 1 . 0 whi le the partic le diame ter 
was he ld c ons tant ( 0 . 5  mm . ) . A c opy o f  the data for the 
three  c ondi t i o ns as we ll as the output are found in Appen­
d ix B .  
C ons iderat ion wi ll firs t be given t o  c ondit ion 1 
( c hanging d i ame ter ) . T able 3 shows the perc ent deviat ion 
T able 3 .  Program Fall Ve loc i ty Deviat i ons ( % )  From Table 1 ( IACWR ) 
For C hanging Par t i c le D i ame ters . *  
FALL VELOC ITY ) PERCENT DEV IAT I O N  ( % )  
DIAMETER SHAPE CS vs . CD CS vs . RE RUBEY WES IACWR C S  vs . CD  C S  vs . Re  RUBEY 
(mm} FACTOR { cmLs} · {cmLs} {cmLs} { cmLs} { cmLs} 
0 . 200 0 . 30 1 . 7677  1 . 76 5 7  2 . 5205 1 , 8094 1 .  78 - 0 . 6 9 1  0 , 80 3  4 . 1 6 0  
0 . 500 0 . 3 0 5 . 0 2 76 5 . 0 3 04 6 . 2408 4 . 9 1 5 1  4 . 90 2 . 604 2 . 66 1  2 7 . 3 6 3  
1 . 000 0 . 30 8 . 4582 ' 8 . 46 85 9 . 80 1 3  8 . 3367 8 . 49 -0 . 374 -0 . 2 5 3  1 5 . 445  
2 . 000 0 . 30 1 2 . 4606 1 2 . 4 7 2 6  1 4 . 3933 1 2 . 4385 1 2 . 50 - 0 . 3 1 5  -0 . 2 1 9  1 5 . 1 46 
4 . 000 0 . 30 1 7 . 6 2 1 9  1 7 . 6389  20 . 6 2 54 1 7 . 8441 1 7 . 80 - 1 . 000 -0 . 90 5  1 5 . 87 3  
8 . 000 0 . 30 24 . 92 1 2  24 . _m1.., 29 . 3065 25 . 41 38 2 5 . 1 0 -0 . 7 1 2  - 0 . 6 1 7  1 6 . 759 
0 . 200 0 . 50 1 . 0482 � 2 . 5205  2 . 0243 1 . 94 0 . 42 3  0 . 1 1 9  2 9 . 9 2 3  0 . 500 o . so 5 · 5 764 6 . 2408 5 . 6763 5 . 6 3 -0 . 592  -0 . 9 7 0  1 0 . 849 
1 . 000 o . so 9 . 9292 9 . 9 3 4 1  9 . 80 1 3  9 . 9699 1 0 . 1 0 - 1  .. 6 9 1  - 1 . 642 - 2 . 9 5 7  
2 . 000 0 . 50 1 5 . 9068 1 5 . 90 79 1 4 . 3933 1 5 . 2645 1 5 . 50 2' . 624 2 . 63 2  - 7 . 140  
4 . 000 0 . 50 2 2 . 40 3 2  2 2 . 3892  2 0 . 6 2 54 2 2 . 0979 2 2 . 40 0 . 0 1 4  -0 . 048 - 7 . 92 2  
8 . 000 o . so 3 1 . 6830 3 1 . 66 3 1  29 . 3065 31 . 5 1 4 3  3 1 . 70 - 0 . 0 54 -0 . 1 1 6  - 7 . 5 50 
0 . 200 0 . 70 2 . 1 366 2 . 1 3 5 1  2 . 5205  2 . 2 1 0 2 2 . 1 1 - 1 . 26 1  1 . 1 89 1 9 . 45 5  
0 . 500 0 . 70 6 . 2 986 6 . 2 9 76 6 . 2408 6 . 4 1 1 0  6 . 3 1 -0 . 1 8 1  - 0 . 1 96 - 1 . 09 7  
1 . 000 0 . 70 1 2 . 2 8 1 1 1 2 . 2 7 5 3  9 . 80 1 3  1 1 . 9598 1 2 . 1 0 1 . 496 1 . 449 - 1 8 . 998  
2 . 000 0 . 70 1 9 . 1426 1 9 . 1 1 7 3 1 4 . 3933 1 8 . 7983 1 9 . 30 -0 . 8 1 5  -0 . 947  - 2 5 . 420 
4 . 000 0 . 70 28 . 0 1 42 2 7 . 9865 20 . 6 2 54 2 7 . 4879 2 8 . 00 0 . 05 1  - 0 . 048  - 2 6 . 3 8 8  
8 . 000 0 . 70 39 . 6 1 8 1 39 . 5 7 8 9  2 9 . 3065  39 . 2 1 53 39 . 70 - 0 . 206  -0 . 30 5  -26 . 1 80 
0 . 200 0 . 90 2 . 2462 2 . 2469 2 . 5205  2 . 3759 ( 2 . 2 6  - 0 . 6 1 1  -0 . 5 8 0  1 1 . 526  
0 . 500 0 . 90 7 . 1 1 1 0 7 .  1 1 96 6 . 2408 7 . 2 046 7 . 0 2  1 .  282  1 . 4 1 9  - 1 1 . 1 1 0  
1 . 000 0 . 90 1 3 . 9 796 1 3 . 7 5 9 1  9 . 80 1 3  14 . 8962 ; 1 4 . 00 -0 . 146 - 1 . 72 1  -29 . 99 1  
2 . 000 0 . 90 2 3 . 8 1 95 2 3 . 8 1 90 1 4 . 3933 24 . 1 534 (3 . 90 -0 . 337 -0 . 339 -39 . 7 7 7  
4 . 000 0 . 90 35 . 8 1 6 7  35 . 8 1 9 1 20 . 6 2 54 35 . 8369 35 . 60 0 . 609  0 . 6 1 5  -42 . 060  
8 . 000 0 . 90 50 . 7637 50 . 7495 29 . 3065 5 1 . 0383 5 0 . 50 0 . 52 2  0 . 494 -4 1 . 96 7  
0 . 200 1 . 00  2 . 4 1 80 2 . 36 9 7  2 . 5205  2 . 4562 2 . 37 2 . 02 5  -0 . 0 1 3  6 . 350  
0 . 500 1 . 0 0  7 . 58 0 1  7 . 5848 6 . 2408 7 . 6 262  7 . 45 1 . 746 1 . 80 9  - 1 6 . 2 3 1  
1 . 000 1 . 00 1 5 . 3648 1 5 . 1 8 33 9 . 80 1 3  1 7 . 0803 1 5 . 00 - 2 . 43 2  1 . 2 2 2  - 34 . 6 5 0  
2 . 000 1 . 0 0  26 . 7 7 1 7  26 . 60 9 7  1 4 . 3933 28 . 4559 26 . 68 O . J44 -0 .�66 -ft6 . 012 4 . 000 1 . 00 40 . 5454 40 . 5768 2 0 . 6 2 54 42 . 6532 40 . 74 - 0 . 78  - 0 . 0 - 9 . 3  3 
8 . 000 1 . 00  58 . 1 843 58 . 1 96 6  29 . 3065 60 . 6096 58 . 53 -0 . 59 1  -0 . 570 -49 . 929  
*Par t i c le Spec i fi c  Grav i ty=2 . 6 5 
Water T ernperature = 2 0  C 
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from the T ab le 1 data fo r the fall ve l o c i t i e s  c alculate d 
from the C S vs . · CD ( CDC S ) , CS vs . RE ( RECS ) , Rubey ( RUBEY ) 
and Wate rways Experiment S tat ion ' ( WES or  HEC - 6  Me thod 2 )  me -
tho ds in the program . S inc e i t  is difficult  t o  obs erve any 
p o s s ible  trends in the perc ent deviat i ons from the tabular 
dat a , graphs of T able 1 fall veloc i t ie s  vs . the fall ve l -
o c i t ie s  f o r  the four c omputer me thods have be en made . T he 
T able - 1  data fall ve l o c i t i e s  will be t e rme d IACWR . fall ve l -
o c i t i e s  s inc e they c ome from I . A . C . W . R .  R e p o r t  Number 1 2 . 
� � T he s e  graphs are shown in F igures 1 6 - 20 . F o r  F igures 1 6 - 1 9 , 
the fall ve loc i t ies  from the c 8  vs . CD , c 8  vs . RE and W . E . S . 
me thods l i e  on the line of  Table 1 data with only an oc c a­
s i onal deviat i on . For  a s hape fac t o r  o f  1 . 0 ( s hown in F ig­
ure 2 0 ) , the I . A . C . W . R .  data was taken from F igure 6 s inc e 
Report 1 2  only p lac e d  fal l ve loc ity data for  sphere s in 
T able 1 .  From F igure 2 0  i t  is observe d that the WES fall 
velo c i t ie s  obvious ly differ from the IACWR fall ve loc i t ies . 
T he re as on for the diffe renc e  i s  probably inac c uracy in the 
c urve f i t t ing us e d  by Williams for a shape fac t o r  of 1 . 0 .  
Lo ok ing at the data pro duc e d  by the Rubey equat i on , 
i t  c an be s e en that the results differ gre at ly from T able 1 .  
T he magni tude o f  the d ifferenc e is s urpris ing s inc e the Ru­
bey equat ion take s partic le diame ter int o c ons i de rat i on . 
T he results  appe ar mo s t  ac c urate for a s hape fac t or of  0 . 5 
( F igure 1 7 ) and in ge neral , smaller diame ters . T he graph 
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T he Rubey equat ion was deve lope d several ye ars be fore the 
C orey s hape fac tor s o  no definite analys is c an be made , but 
it appe ars that Rubey deve lope d his equation bas e d  on sand 
and grave l part i c le s  with a shape fac tor ne ar 0 . 5 .  
In the s e c ond c ondition , the shape fac tor was varie d  
for diame te rs o f  0 . 2 ,  0 . 5 ,  1 . 0 and 2 . 0  mm .  T able 4 s hows 
the perc e nt deviat ions of  the program re sults from Table 1 .  
F igures 2 1  t hrough 24 are the graphs of IACWR fall ve lo c ity 
vs . program fall ve lo c it ies  for changing s hape fac tors . 
For F igures 2 1  through 24 , mo s t  of the data is fairly c lose 
t o  the line of  Table 1 data , falling on e ither s ide of it , 
with the exc e p t ion of F igure 2 1  ( diarne ter= 0 . 2  rnm . ) . O n  F ig­
ure 21 the WE S  fall ve loc i t ies fall to the r ight of the 
IACWR faJLl ve loc i t ie s . O nce again , this c an probably be 
attribute d  to inac curac i e s  in the curve fitt ing scheme. us ed  
by Williams for low Reyno lds numbe rs . 
T he dat a from the Rubey equat ion d i ffe rs dras t i c ally 
from the T able 1 - data . T he Rubey e quat ion d o e s  no t take 
s hape fac tor into c ons iderat ion s o , as e xpe c te d , the re sults 
plot in a vert i c al l ine on Figures 21 through 24 . For this 
c ondit ion , the Rubey e quat ion fall ve loc i t ie s were c lo s e s t  
f o r  shape fac t ors of 0 . 4 ,  0 . 5 and 0 . 7 . No te  i n  T able 4 and 
in the c ompute r  output found in Appendix B that the fall ve­
lo c it i e s  c alc ulate d fr om the Rub�y equat i on d iffe r  s lig�tly 
be twe en two value s for e ac h  diame ter . T he r e as on for this 
is be c aus e for every o the r part i c le analyze d , the kinemat ic 
Table 4 .  Program Fall Veloc i ty Deviat ions ( %) From Table 1 ( IACWR ) 
For Changing Shape Fac tors . *  
FALL VELOC ITY PERCENT DEVIATION ( % )  
DIAMETER SHAPE CS vs . CD CS  vs . RE RUBEY WES IACWR CS vs . CD CS vs . RE RUBEY WES (mml ;EAQ�OR ( cmisl {cmis) (cmis) (cmLs}{cmLs} 
0 . 200 0 . )0 1 . 7677 1 . 7657 2 . 5205 1 . 8094 1 . 78 -0 . 691  0 . 80 )  4 . 160  1 . 6�l 
0 . 200 0 . 40 1 .  871 7 1 . 8698 2 . 5274 1 . 9276 1 . 86 0 . 629 0 . 52 7  )5 . 882 ) . 5  
0 . 200 0 . 50 1 . 9482 1 .  946) 2 . 5205 2 . 024) 1 . 94 0 . 42) 0 . 1 19 29 . 92)  4 . )45 
0 . 200 0 . 60 2 . 05)6 2 . 0519  2 . 5274 2 . 1 2)8 2 . 0) 1 . 162 1 . 079 24 . 052 4 . 62 1  
0 . 200 0 . 70 2 . 1 )66 2 . 1 )51 2 . 5205 2 . 2 1 0 2  2 . 1 1 - 1 . 26 1  1 . 1 89 1 9 . 455  4 . 749 
0 . 200 0 . 80 2 . 200) 2 . 1 999 2 . 5274 2 . )001  2 . 1 9 0 . 470 0 . 452  1 5 . 40 6  5 . 02 7  
0 . 200 0 . 90 2 . 2462 2 . 2469 2 . 5205 2 . )759 2 . 26 -0 . 61 1  - 0 . 580 1 1 . 52 6  5 . 1 2 8  
0 . 200 1 . 00 2 . 4248 2 . )769 2 . 5274 2 . 4627 2 . )7 2 . )1 2  0 . 29 1  6 . 641 ) . 91 1  
0 . 500 0 . )0 5 . 0 196 5 . 0226 6 . 2)57 4 . 9068 4 . 90 2 . 441 2 . 502  27 . 259 0 . 1 )9 
0 . 500 0 . 40 5 . )296 5 . ))04 6 . 2408 5 . )092 5 . )0 0 . 558 0 . 574 1 7 . 75 1  0 . 1 74 
0 . 500 0 . 50 5 . 5681 5 . 5671 6 . 2)57 5 . 6659 5 . 6) -1 . 099 - 1 . 1 1 7  10 . 758 0 . 6)8 
0 . 500 0 . 60 5 . 9568 5 . 9558 6 . 2408 6 . 0404 5 . 99 -0 . 554 -0 . 571  4 . 1 87 0 . 841  
0 . 500 0 . 70 6 . 2858 6 . 2847 6 . 2)57 6 . )978 6 . )1 -0 . )84 -0 . 401  - 1 . 1 77 1 . )9 1  
0 . 500 0 . 80 6 . 7042 6 . 7080 6 . 2)57 6 . 7815  6 . 68 0 . )62 0 . 41 9  6 . 65 1  1 . 51 9  
0 . 500 0 . 90 7 . 1 1 10 7 . 1 196 6 . 2408 7 . 2046 7 . 02 1 . 282 1 . 419  - 1 1 . 1 0 0  2 . 6)0 
0 . 500 1 . 00 7 . 5655 7 . 570) 6 . 2)57 7 . 6076 7 . 45 1 . 550 1 . 6 1 5  1 6 . 299 2 . 1 � 5  
1 . 000 0 . )0 8 . 4616  8 . 4719  9 . 8042 8 . )401 8 . 49 -0 . ))4 -0 . 21 )  1 5 . 479 -1 . 756 
1 . 000 0 . 40 9 . 2575 9 . 2650 9 . 80 1 )  9 . 1 ))8 9 . )6 -1 . 095 -1 . 01 5  4 . 71 5  -0 . 024 
1 . 000 0 . 50 9 . 9)85 9 . 94)2 9 . 8042 9 · 9766 1 0 . 1 0 - 1 . 599 - 1 . 552 -2 . 929 -1 . 221  
1 . 000 0 . 60 1 1 . 1414 1 1 . 14 1 1  9 . 80 1 )  10 . 8920 1 1 . 14 0 . 0 1 2  0 . 0 10  - 1 2 . 0 1 7  -2 . 226  
1 . 000 0 . 70 1 2 . 2945 1 2 . 2889 9 . 8042 1 1 . 9719  1 2 . 1 0 1 . 607 1 . 56 1  - 1 8 . 974 -1 . 059 
1 . 000 0 . 80 1 ) . 1 56 1  1 ) . 0426 9 . 80 1 )  1 ) . 2 ))5 1 ) . 08 0 . 582 -0 . 286 -25 . 067  1 . 1 74 
1 . 000 0 . 90 14 . 00 1 0  1 ) . 7789 9 . 8042 14 . 9201  14 . 00 0 . 007  - 1 . 579 -29 . 979 6 . 572 
1 . 000 1 . 00 1 5 . )648 1 5 . 1 8)) 9 . 801)  1 7 . �80) 1 5 . 00 2 . 4)2 1 . 222 -)4 . 650 1) . 869 
2 . 000 0 . )0 1 2 . 4606 1 2 . 4726 14 . )9)) 1 2 . 4)85 1 2 . 50 -0 . )15  -0 . 21 9  1 5 . 146 -0 . 491  
2 . 000 0 . 40 14 . 2942 14 . )006 14 . )9 1 8  1 ) . 8045 14 . 1 1 1 . )05 1 . )51  1 . 99 7  2 . 165  
2 . 000 0 . 50 1 5 . 9068 1 5 . 9079 14 . )9)) 1 5 . 2645 1 5 . 50 2 . 624 2 . 6)2 - 7 . 140 -1 . 51 9  
2 . 000 0 . 60 1 7 . 5807  1 7 . 5686 14 . )9 1 8  16 . 8905 1 7 . 46 0 . 691  0 . 622  - 1 7 . 573 -) . 262 
2 . 000 0 . 70 1 9 . 1426 1 9 . 1 1 7) 14 . )9)) 1 8 . 798) 1 9 . )0 -0 . 81 5  -0 . 947 -25 . 420  -2 . 600  
2 . 000 0 . 80 2 1 . 4905 21 . 4768 14 . )9 1 8  2 1 . 1 )06 2 1 . 62 -0 . 599 . -0 . 662  -)) . 4))  -2 . 2 64 
2 . 000 0 . 90 ' 2) . 8195 2) . 8190 14 . )9)) 24 . 1 5)4 2) . 90 -0 . ))7 -0 . ))9 -)9 . 777  1 . 060  
2 . 000 1 . 00 26 . 7567 26 . 5913  14 . )9 1 8  28 . 4429 26 . 68 0 . 2 87 -0 . ))2 -46 . 058  6 . 60 8  
*Particle Spec ific Gravity=2 . 65 
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· � 
v is c o s ity was c alculate d  in subroutine KINVIS . The alter-
59 
nate values for kinemat ic visc os ity were input from a table 
found in re ferenc e  6 .  T he c alculated  value s for kinematic 
visc os ity are s lightly different than the ac tual tabulate d  
value s . 
The final c ondit ion c ons ide re d  i s  that o f  changing 
spe c ific gravity . T able 5 c ontains the tabulat e d  value s of 
the perc e nt deviat ions . F igure s 25  through 2 9 are the 
graphs of IACWR fall ve l�c itie s  vs . program fall ve loc ities . 
O nc e  again the program data for C S vs . CD , C S vs . Re and 
WES falls very c lo s e  to  the IACWR data with the WES fall 
ve loc ities  differing to a greater degree  than C s vs . CD 
and C S vs . Re . Onc e  again the Rubey equat i on fall ve lo c i ­
t ie s  differ by the large s t  amount . The Rubey e quation fall 
ve loc ities  fall c lose s t  to the IACWR fall ve loc ity line for 
a shape fac tor of 0 . 5 ( F igure 2 6 ) . 
T able 6 is a table o f  average perc e nt deviat i ons for 
the four c omputer me thods for each  c ondition . T he average 
percent deviat i on is equal to the sum of the abs olute value s 
o f  the percent deviat ions for each  me thod from T able s 3 
through 5 divided by the number of part i c le s analyze d in 
e ac h  me thod . From T able 5 ,  it appe ars that the C S vs . Re 
re lationship o ffers the mos t  ac c urate re sult s  when c ompare d 
to  T able 1 .  The fall ve loc iti� s c alc ulate d from the CS · vs . 
CD and CS vs . Re re lat ionships should be the same . The 
s light di s crepancy is  due to  interpo lat ion along the 
Table 5 .  Program Fall Ve loc i ty Deviati ons ( % )  From T able 1 ( IACWR ) 
For C hanging Spe c i fic Grav i t ies* 
FALL VELOC IT IES PERCENT DEVIAT ION ( % ) 
SHAPE SPEC IFIC CS vs . CD CS vs . RE RUBEY WES IACWR CS vs . CD C S  vs . RE RUBEY WES 
FACTOR GRAVITY ( cm[s} � cm[s} �cm[s} �cm[s} �cm[s} 
9 · 30 2 . 00 3 . 59 1 2  3 . 59 1 4  4 . 6 363  3 . 4954 J . 5J 1 . 7)4 1 . 740 3 1 . )40 -0 . 980 
0 . 30 2 . 65 5 . 02 76 5 . 0 304 6 . 2408 4 . 9 1 5 1  4 . 90 2 . 604 2 . 66 1  2 7 . 36 3  0 . JOB · 
O . JO 4 . 30 7 .  7742 . 7 . 7669 9 . 2496 7 . 7357 7 . 62 2 . 024 1 . 9 2 8  2 1 . ) 8 6  1 . 5 1 8  
0 . 3p 5 . 00 8 . 7072 8 . 7049 1 0 . 29 75 8 . 6662  8 . 50 2 . 4) 8  2 . 4 1 0 2 1 . 14 7  1 . 906 
0 . 30 6 . 00 9 . 9 1 2 3  9 . 9 1 67 1 1 . 6 353 9 . 8045 9 . 70 2 . 1 89 2 . 2 )4 1 9 . 95 2  1 . 0 77 
0 . 30 7 . 50 1 1 . 5455 1 1 . 5596 1 ) . 4262 1 1 . 3 375 1 1 . 40 1 .  2 76 1 . 400 1 7 . 7 74 - 0 . 548 
0 . 50 2 . 00 4 . 0206 4 . 0 1 63 4 . 6)63  4 . 00 78 3 . 89 J . J5 7  ) . 247  1 9 . 1 85 ) . 0 2 8  
0 . 50 2 . 65 5 . 5 764 5 . 5 754 6 . 2408 5 . 676)  5 . 6) - 0 . 592  - 0 . 9 70 1 9 . 849 0 . 82 2  
0 . 50 4 . )0 8 .  '( 1 62 8 . 7260 9 . 2496 8. . 9256 8 . 79 - 0 . 840 -0 . 728  5 . 2 29  1 . 543 
0 . 50 5 . 00 9 . 8036 9 . 8 1 48 1 0 . 2975 1 0 . 0 1 29 9 . 85 - 0 . 47 1  -0 . 3 5 7  4 . 54 3  1 . 654 
0 . )0 6 . 00 1 1 . 1 7 78 1 1 . 1 892  1 1 . 6353 1 1 . 4060 1 1 . 3 1 - 1 . 1 69 - 1 . 06 8  2 . 8 76 0 . 849 
0 . 50 7 . 50 1 ) . 06 8 1  1 ) . 0795 1 3 . 4262 1 3 . 2998 1 ) . 40 - 2 . 47 7  - 2 . )92  0 . 1 96 - 0 . 748 
0 . 70 2 . 00 4 . 4232  4 . 4200 4 . 6363 4 . 4824 4 . 4 7 - 1 . 04 7  - 1 . 1 1 8  ) . 7 2 0  0 . 2 77 
0 . 70 2 . 65 6 . 2 986 6 . 2 9 76 6 . 2408 6 . 41 1 0  6 . 3 1 - 0 . 1 5 1  - 0 . 1 96 - 1 . 09 7  1 . 60 1  
0 . 70 4 . )0 1 0 . 05 1 0  1 0 . 0476 9 . 2496 1 0 . 1 6 72 1 0 . 1 0 - 0 . 485 -0 . 5 1 9  - 8 . 420  0 . 665 
0 . 70 5 . 00 1 1 . 4435 1 1 . 4)76 1 0 . 2975 1 1 . 4982  1 1 . )� 0 . 9 1 3  0 . 861  -9 . 1 9 3  1 . )95 
0 . 70 6 . 00 1 3 . 2543 1 ) . 2451 1 1 . 6 353 1 3 . 20 75 1 ) . 05 1 . 566 1 . 495 - 1 8 . 84 1  . 1 .  207  
0 .  '(0 7 . 50 1 5 . 8 1 06 1 5 . 7959 1 ) . 4262 1 5 . 56 0 7  1 5 . 50 2 . 004 1 . 909 - 1 3 . 3 79 0 . )92 
0 . 90 2 . 00 4 . 9 862 4 . 9923  4 . 6)63 4 . 9752 4 . 95 0 . 73 1  0 . 854 -6 . ) 3 7  0 . 509 
0 . 90 2 . 65 7 . 1 1 1 0 7 . 1 1 96 6 . 2408 7 . 2046 7 . 02 1 . 2 82 1 . 4 1 9  - 1 1 . 1 1 0 2 . 6)0 
0 . 90 4 . 30 1 1 . 32 39 1 1 . 2943 9 . 2496 1 1 . 6950 1 1 . 30 0 . 2 1 2  -0 . 050 - 1 8 . 1 4 5  J , 1} 9 6  
0 . 90 5 . 00 1 2 . 8567 1 2 . 7982 1 0 . 2975 1 3 . 376 1 1 2 . 76 0 . 758  0 . 299 - 1 9 . 29 8  4 . 82 8  
0 . 90 6 . 00 14 . 8473 1 4 . 7497 1 1 . 6 353 1 5 . 5504 14 . 78 0 . 455 -0 . 2 0 5  - 2 1 . 2 7 7  5 . 2 1 2  
0 . 90 7 . 50 1 7 . 6442 1 7 . 4825 1 3 . 4262 1 8 . 60 8 8  1 7 . 70 - 0 . ) 1 5  - 1 . 2 2 9  - 24 . 1 46 5 . 1 34 
1 . 00  2 . 0 0 5 . )260 5 . 3324 4 . 6363 5 . 2)9 1 5 . 0 ) 5 . 885 6 . 0 1 2  - 7 . 82 7  4 . 1 57 
1 . 0 0  2 . 65 7 . 5801  7 . 5848 6 . 2408 7 . 6262  7 . 45 1 . 746 1 . 809  - 1 6 . 23 1  2 . 36 5  
1 . 00 4 . 30 1 2 . 2 1 72 1 2 . 2 1 2 7  9 . 2496 1 2 . 6759 1 2 . 1 6 0 . 470 0 . 433  - 2 3 . 934 4 . 242 
1 . 00 5 . 00 1 ) . 9822  1 ) . 9728  1 0 . 2 9 75 14 . 62 1 3  14 . 09 -0 . 765 -0 . 8) 2  -26 . 9 1 6  ) . 7 70 
1 . 00  6 . 00 1 6 . 2 8 )3 1 6 . 2 6 74 1 1 . 6 353 1 7 . 1 592  1 5 . 71 � 3 . 649 J . 54 8  -25 . 93 7  9 . 2 2 5  
1 . 00 7 . 50 1 9 . 40 3 1  1 9 . 3 355 1 ) . 4262 20 . 8006 1 9 . 33 0 . )78 . 0 . 02 8  -30 . 542 7 , 60 8  
*Par t ic le D i ame t e r= 0 . 5  mm 
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T ab le 6 .  Average Perc e nt Deviat i on o f  Program 
Re sults From T ab le 1 Data Under Var i ous C ondit ions  
AVERAGE PERCENT DEVIAT ION 
C ondi t i on c s vs . CD CS vs . Re  RUBEY WES {�} {�} {�} {�} 
Vary D iameter 0 . 8 74 0 . 8 1 9  2 1 . 92 1  2 . 716 
V ary Shape 
Fac tor 0 . 9 5 1  0 . 88 1  1 7 . 893  2 . 823 
Vary Spec ific 
Gravity 1 . 46 7 1 . 46 5  1 5 . 6 0 6  2 . 456 
6 7  
d igit i z e d  c urve s . C omparison  o f  F igures 7 ( C3 vs . CD ) and 
1 0  ( C3 vs . Re ) shows that F igure 1 0  has le s s  c urvature than 
F igure 7 whi c h  probab ly re sults in le s s  e rr o r  in interp o ­
lat ion be twe e n  c 3 value s and c ontr ibute s  t o  the c 3 vs . R e  
re lati ons hip ' s  s light ly greater ac curacy . 
68  
C ONCLUS IONS 
The ob j e c t ive of  this report was t o  pre s e nt a c om­
puter program which  would me et  the fol lowing c riteria : 
1 .  T he re s ults mus t be ac c urate for a wi de range 
of  part ic le shapes , part ic le spe c if ic gravities 
and fluid tempe rature s and spec if i c  we ights . 
2 .  T he me thod of s o lut ion mus t be  s imp le and dire c t . 
I t  is  be l ieve d that the c omputer pro gram de sc rib e d  
he re in fulf i lls the s e  ob j e c t ive s . The program allows 
the us e r  to vary all of the parame ters c it e d  in c r iteria 
numbe r  one and , as d i s c usse d ,  pro duc e s  re s ults t hat are more 
ac c urate than the othe r c omputer me thods c i ted . T he pro -
gram als o  ac hieve s th is ac curacy without the use  o f  an 
i te rat ive pro ce dure . 
T here are two minor drawbacks of this program . One 
is that it  will . not determine the fall ve l o c ity for par t i c les  
that are smaller than the ve ry fine s and range ( i . e . , s i lts 
and c lays ) . Se �ondly , it  lo ses  s ome ac c uracy be c aus e too  
few p o ints are take n from the C S vs . CD or the  c 3  vs . Re  
c urve s . Any furthe r study of this  me thod should be aime d at 
inc luding s i lt and c lay s i ze d  part ic le s and in taking more 
p o ints from the c urve s . I t  is hope d , howeve r ,  that this 
program wi ll  be us e ful for de termini ng fall ve loc ity for all 
its important app l ic at ions . 
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LIST OF SYMBOLS 
a ma j or axis  of p art ic le 
b interme d iate axis of part ic le ( no rmal t o  a )  
c minor axis  o f  par t ic le ( normal t o  ab ) 
C
D 
drag c oe ffic ient 
c 8 s i ze c oe ff ic ie nt 
d sphe re d iame ter  
d part ic le nominal diame ter n 
·-
F subme rge d we ight 
FB buoyant we ight 
FR re s is t ant forc e 
FW part ic le we ight 
g gravitat ional c ons tant 
Re  Reyno lds numbe r 
s part ic le . spe c ific  gravity 
SF part ic le s hape fac tor 
w fall ve �oc ity 
P flu i d  dens i ty 
?s part ic le dens i ty 
f' dynamic visc os ity 
� k inemat ic visc os i ty 
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APPENDIX B 
COMPLETE LIST OF THE C OMPUTER PROGRAM WHICH C OMPUTES 
THE FALL VELOC ITY O F  NATURALLY WORN SEDIMENT PART ICLES 
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*********** ******************* ********* * * * * * * * * ** * ** *************** 
* T H I S  PROGRAM U S E S  VAR I AT I ON OF C O  V S . RE C U RV E S  FOR D I F F E R E N T  * 
* S H A P E  FACTORS TO . COM PU T E F A LL V E LOC I T I E S ,  A N D  COM PAR E S  R E S U L T S * 
* T O  T H E  R U B EY E QUAT I ON A N D  WAT E RWAY S  E X P E R I M E N T  S T A T I ON M E T HOD * 
* R E S U L T S  ( H E C - 6  M E T HOD 2 ) .  * 
* ** * * * * * * ***************** * * ********** * * * * * * * * ** * * * * * * ************* 
D I M E N S I ON S F 3 ( 3 , 50 ) , S F 5 ( 3 , 50 ) , S F7 ( 3 , 50 ) , S F 9 ( 3 , 50 ) , S F 1 0 ( 3 , 50 ) 
P ROGRAM DATA 
R EA D  ( 5 ,  1 ) ( ( S F  3 ( I , J ) , J = 1 ,  1 0 ) ,  I =  1 , 3 ) 
R EAD ( 5 , 1 ) ( ( S F  5 ( I , J ) , J = 1 , 1 0 ) , I =  1 , 3 ) 
R EAD ( 5 ,  1 ) (  ( S F  7 ( I , J ) , J = 1 , 1 0 ) , I =  1 , 3 ) 
R EA 0 ( 5 , 1 ) ( ( S F9 ( I , J ) , J = 1 , 1 0 ) , 1 = 1 , 3 )  
R E AD ( 5 , 1 ) ( ( S F 1 0 ( I , J ) , J = 1 , 1 0 ) ,  1 = 1 , 3 )  
F ORMAT ( 1 0 ( F 5 . 3 , 1 X ) ) 
S F 3 , S F 5 , S F 7 , S F9 , S F 1 0  A R E  MAT R I C E S  CON T A I N I NG DATA P O I N T S  F ROM 
T H E  P LO T T E D  C U RV E S .  3 , 5 , 7 , 9 , 1 0  R E F E R  TO S HA P E  F AC T O R S  . 3 , . 5 , E TC . 
T H E  F I R S T  ROW. O F  EACH MATR I X  CON T A I N S LOG ( C S ) VALU E S ,  T H E  2 N D  ROW 
C OR R E S PON D I NG LOG ( CO )  VALU E S ,  A N D  T H E  3 R D  R OW T H :  C O R R E S PO N D I NG 
L OG ( R E ) VA LU E S .  
WR I T E ( 6 , 1 0 )  
F ORMAT ( 1 1 1  , / // , 2 7 X ,  ' FA L L  V E LOC I TY COM P U T E R  P ROGRAM ' , / / / ) 
WR I T E ( 6 , 50 )  
WR I T E ( 6 , 20 )  
F ORMAT ( 5 6 X , 1 1  ( ' - ' ) , I  F A L L  V E LOC I TY ' , 1 1  ( I - I ) , 
*/ , 5 X ,  ' PA R T I C L E  D I A . I , 2X ,  ' SHA P E ' , 4X ,  ' S P E C I F I C '  , 5X ,  
* ' T E M P E RA T U R E ' , 3 X ,  ' CS VS . C D ' , 2X ,  ' C S VS . R E ' , 
*2 X ,  ' R U B EY ' , 2X ,  ' W . E . S .  I ) 
R EA0 ( 5 , 2 )  N 
F ORMAT ( 1 2 )  
N I S  T H E  N U M B E R  O F  PART I C L E S  TO B E  A N A L YZ E D  
D O  5 I =  1 ,  N 
R E AD ( 5 , 3 )  N E S I , XN U , S PG R P , T EM P , S F , D , G , D E N F  
F 0 R MAT ( I 1 , 1 X , F 1 1 . 9 , 1 X , F 6 . 3 , 1 X , F 5 . 1 , 1 X ,  F 4 . 2 , i X ,  F 7 . 5 , 1 X , 
* F 6 . 3 ,  1 X , F 8 .  3 )  
N E S  I I N O  I CAT E S  WH E T H E R  E N G L I SH ( 0 )  O R  S I ( 1 )  U N I T S 
X N U = K I N EMA T I C  V I SCOC I TY ( F T **2 / S , M* *2 / S ) I F  X N U  I S  N EGAT I VE PROGRAM 
W I L L C A LC U LAT E K I N EMAT I C  V I SCOC I TY ( FO R  WAT E R  ON L Y ) 
S PG R P= S P E C I F I C  GRAV I TY O F  T H E  PAR T I C L E  W I T H R E S P EC T  
T O  T H E  F LU I D  U S E D  
T EM P= T EM P ER A T U R E  ( D E G- F , D E G - C ) 
S F = PA R T I C L E  S H A P E  FAC T OR 
D= NOM I NA L  D I AM E T E R  O F  T H E  PAR T I C L E · ( MM O N L Y ) 
G= ACC E LERAT I O N O F  GRAV I TY ( F T / S**2 , M/ S* *2 )  
D E N F = D E N S I TY O F  F LU I D  ( SLUGS/ F T* * 3 , KG/M* * 3 : 
I F ( N E S I . G T . O )  GOTO 1 00 
0= 0/ 3 0 4 . 8  
G O T O  200 
0= 0/ 1 0 00 . 
P l = 3 . 1 4 1 59 3  
I F ( XN U . G T . O . ) GOT O 3 00 
CA L L  K I NV I S ( T EM P , N E S I , XN U ) 
C S = ( ( P I / 6 .  ) *O * D * D* ( S PGR P- 1 .  ) * G ) / ( XN U*X N U ) 
CA L L  C OC S ( S F 3 , S F 5 , S F 7 , S F 9 , S F 1 0 , S F , C S , C D )  
WCD= ( ( 4 .  * D *  ( S PGR P- 1 . ) *G ) I ( 3 .  *C D ) ) * *0 .  5 
CA L L  R EC S ( S F 3 , S F 5 , S F 7 , S F 9 , Sf 1 0 , S F , C S , R E ) 
WR E = ( R E *X N U ) / 0 
CA L L  R U B EY ( X N U , S PGR P , D , G , WR U B E ) 
C A L L  F VW E S ( XN U , S PGR P , D , G , S F , WWE S ,  I T E R ) 
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  
3 8  
3 9  
4 0  
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  
4 8  
4 9  
5 0  
5 1  
5 2  




3 0  
4 0 0  
4 0  
5 0  
500 




l f ( N E S I . GT . O )  GOTO 400 
D= D* 3 04 . 8  
I F ( I . GT . 1 ) GOTO 500 
WR I T E ( 6 , 3 0 ) 
F ORMAT ( 8 X ,  I N  MM ' , 7 X ,  I FACTOR I ,  
* 3 X ,  ' GRAV I TY '  , 9X ' OE G- F '  , 8X ,  
* ' F T / S ' , 7 X , ' F T / S
� , 5X ,  ' F T/ S ' , 4X , ' F T/ S ' ) 
WR I T E ( 6 , 50 )  
GOTO 500 
D= D* 1 000 . 
WCD=WCD* 1 00 .  
WR E =WR E * l OO .  
WR U B E=WR U B E * 1 00 .  
WWE S=WW E S* 1 00 .  
I f ( I . GT . 1 ) GOTO 500 
WR I T E ( 6 , 4 0 )  
. 
F O R MAT ( / , 8X ,  I I N  MM ' , 7 X ,  I FACT O R ' , 3 X ,  ' GRAV I TY '  , 9X ,  ' D E G- C '  , 8X ,  
* ' CM/ S ' , 7 X ,  ' CM / S ' , 5X ,  ' CM/ S '  , 4X ,  ' CM/ S ' ) 
WR I T E ( 6 , 50 )  
FORMAT ( 4 X ,  8 9 (  ' - ' ) )  
WR I T E ( 6 , 1 0 1 0 )  D , S F , S PGR P , T E M P , WC D , W R E , WR U B E , WW E S  
FORMA T ( 7 X , F 7 . 5 , 7 X , F 4 . 2 , 4X , F6 . 3 , 9X , F 6 . 2 , 
*6X , F 7 . 4 , 4X , F 7 . 4 , 2X , F 7 . 4 , 1 X , F 7 . 4 )  
CONT I N U E  
WR I T E ( 6 , 5 0 )  
WR I T E ( 6 , 6 0 )  
FORMA T ( ' l ' ) 
S T O P  
E N D  
75 
c ******************** ********* **** * * * * * * * * * * ** * * * * ** * * ************** / 
C * S U BROU T I N E TO CALC U LA T E T H E  K I N EMAT I C  V I SCOS I TY O F  WA T E R  * � 
c ********** ******************* * * * * * * * * * * * * * * ** * * * * ** ** * ***** * * * ***** b\-
5 7  S U B R O U T I N E K I NV I S ( T E M P , N E S I , XN U ) 
5 8  T DC= l E M P  
5 9  I F ( N E S I . LT . 1 )  T DC= ( T EM P - 3 2 . ) * ( 5 . /9 . ) 
6 0  T DCD= T DC - 20 . 
6 1  l f ( T DC . GT . 20 . ) GOTO 1 00 
6 2  XNU= 1 0 . ** ( 1 3 0 1 . / ( 99 8 . 3 3 3 +8 . 1 8 5 5 *T DC D + . 00 5 8 5 * T DC D*T DC D ) - 3 . 3 02 3 3 ) 
6 3  GO T O  200 
64 1 00 T DC F= 2 0 . - T DC 
6 5 XNU= . 0 1 00 2 * ( 1 0 . ** ( ( 1 . 3 2 7 2 * T DC F - . 00 1 0 5 3 * T DC D* TDCD ) / ( T DC + 1 05 .  ) ) )  
C . . . . .  CONVE R T  N U  F ROM CM**2 / S  T O  M* *2 / S  
6 6  2 0 0  XNU=XNU / 1 0000 . 
C . . . . .  CONV E R T  N U  F ROM M**2 / S  TO F T**2 / S  
6 7  I F ( N E S I . LT . l )  XNU=XNU * 1 0 .  7 6 3 9  
6 8  R ET U R N  
6 9  E N D  
7 0  
7 1  
7 2  
7 3  
7 4  
7 5  
c 
c *************** ************** * * * * * * * * ** * * * * * * * * * * ** * * * * * * * * ** ***** . / 
C * S U B R O U T I N E T O  CALCU LAT E DRAG COE F F I C I E N T S  * � 
c ***************** ** ************* * * * * * * * * * * * * *** * * ** * * * * * * * * * ****** 
1 00 
S U B R O U T I N E C DC S ( S F 3 , S F 5 , S F 7 , S F9 , S F 1 0 , S F , C S , C D ) 
D I M E N S I ON S F 3 ( 3 , 50 ) , S F 5 ( 3 , 50 ) , S F 7 ( 3 , 50 ) , S F 9 ( 3 , 5 0 ) , S F 1 0 ( 3 , 50 )  
J = O  
CA L L  S F I N T R ( l , S F , S F T ) 
GOTO 2 0 0  
I F ( S f . EQ . S F T ) GOTO 300 
7 6  
7 7  
7 8  
7 9  
8 0  
8 1  
8 2  
8 3  
84 
8 5  
8 6  




9 1  
92 
9 3  
9 4  
9 5  
9 6  
9 7  
9 8  
99 
1 00 
1 0 1  
1 02 
1 0 3 
1 04 
1 0 5 
1 06 
1 0 7 
1 08 
1 09 
1 1 0 
1 1 1  
1 1 2 
1 1  3 
1 1 4 
1 1 5 
1 1 6 
1 1 7 
1 1 8 
1 1 9 
1 2 0 
1 2 1 
1 22 










J = 1  
C A L L  S F I N T R ( 2 , S f , S F T ) 
I F ( S FT . E Q . 0 . 3 )  C A L L  I N T R P ( S f 3 , 2 , C S , 3 0 00 0 . , 2 . 78 , CD )  
I F ( S FT . E Q . 0 . 5 )  C A L L  I N T R P ( S F 5 , 2 , C S , 3 00 0 0 0 . , 1 . 7 2 , CD )  
I F ( S FT . EQ . 0 . 7 )  C A L L  I N T R P ( S F 7 , 2 , C S , 500000 . , 1 . 1 0 , CD )  
I F ( S FT . EQ . 0 . 9 )  C A L L  I N T R P ( S F 9 , 2 , C S , 6 0 0 0 00 . , 0 . 6 7 , CD )  
I F ( S F T . EQ . l . O )  CA L L  I NT R P ( S F 1 0 , 2 , CS , 1 00 0 0 00 . , 0 . 5 1 , CD )  
I F ( J . EQ . l )  GOTO 3 00 
C D 1 = C D  
S f l = S F T 
G O T O  1 00 
C 02= C D  
S F 2= S F T 
I F ( CD 1 . EQ . CD2 ) GOTO 400 
C D= 1 0 . ** ( A L OG 1 0 ( C D 1 ) - ( ( ALOG 1 0 ( CD 1 ) -A L OG 1 0 ( C D2 ) ) * 
* ( A LOG 1 0 ( S f ) -A LOG 1 0 ( S F 1 ) ) / ( AL OG 1 0 ( S F2 ) - ALOG 1 0 ( S f 1 ) ) ) )  
GOTO 500 
C D= C D 1  
R E T U R N  
E N D  . 
* * * * * * * * * ******************** *** * * * * * * * * * * * * * * * * * * * ** * ************ 
* S U B R O U T I N E TO C A L C U LAT E R EY N O L D S  N UM B E R S  * 
* * * * * * ** * * ** ********** ******** ******* * * * * * * * * * * * * * * * ** * *********** 
S U B R O U T I N E R EC S ( S f 3 , S F5 , S f 7 , S F9 , S F 1 0 , S F , CS , R E ) 
D I M E N S I ON S f 3 ( 3 , 50 ) , S F5 ( 3 , 50 ) , S F 7 ( 3 , 50 ) , S F9 ( 3 , 50 ) , S f 1 0 ( 3 , 50 )  
J = O  
CA L L  S F I N T R ( 1 , S F , S F T ) 
G O T O  200 
1 00 I F ( S F . E Q . S F T ) GOT O 3 00 
J = 1 
CALL S F I N T R ( 2 , S f , S F T ) 
2 0 0  I F ( S F T . E Q . 0 . 3 )  CA L L  I N TR P ( S F 3 , 3 , CS , 3 0 0 00 . , 0 . 9 5 8 , R E ) 
I F ( S F T . EQ . 0 . 5 )  CA L L  I N T R P ( S F 5 , 3 , CS , 3 0000 0 . , 1 . 2 1 6 , R E )  
I F ( S F T . EQ . 0 . 7 ) CA L L  I N T R P ( S F 7 , 3 , C S , 500000 . , 1 . 5 2 0 , R E )  
I F ( S F T . E Q . 0 . 9 )  CAL L  I N T R P ( S F 9 , 3 , C S , 60000 0 . , 1 . 94 9 , R E ) 
I F ( S F T . E Q . 1 . 0 )  CAL L  I N T R P ( S F 1 0 , 3 , C S , 1 000000 . , 2 . 2 3 5 , R E ) 
I F ( J . EQ . 1 )  GOTO 3 0 0  
R E 1 = R E  
S F 1 = S F T  
GO T O  1 00 
3 00 R E 2= R E  
S F2= S F f 
l f ( R E 1 . E Q . R E2 ) GOTO 400 
R E= 1 0 * * ( ALOG 1 0 ( R E 1  ) + ( ( ALOG 1 0 ( R E2 ) - A LOG 1 0 ( R E 1  ) )  
* * ( A LOG 1 0 ( S F ) - A LOG 1 0 ( S f 1 ) ) / ( A LOG 1 0 ( S F2 ) -A L OG 1 0 ( S F 1 ) ) ) )  
GOTO 500 
400 R E= R E 1 





E N D  
* * * * * * * ***** ********************* * * * * * * * * * * * * * * * * ***************** 
* S U B ROUT I N E FOR I N T E R PO LAT I ON * 
****** ********************************* *** * * * * * * * * * * * ************* 
S U B R OU T I N E I N T R P ( X ,  I , CS , A , B , Y )  
D I M E N S I ON X ( 3 , 5 0 )  
I F ( C S . G E . A )  GOTO 200 
DO 5 J =  1 ,  1 0  
/ 
1 24 
1 2 5 5 
1 26 1 00 
1 2 7 
1 28 2 0 0  
1 29 
1 3 0 
1 3 1 
1 3 2 3 00 





1 3 4 
1 3 5 
1 3 6 
1 3 7 
1 3 8 
1 3 9 
1 40 
1 4 1  
1 4 2 1 00 
1 4 3 
1 4 4 
1 4 5 
1 4 6 200 





1 4 8 
1 4 9 
1 5 0 
1 5 1  
1 5 2 








1 5 5 
1 56 
1 5 7  
1 58 
1 5 9 
1 60 
1 6 1  
1 6 2 
1 6 3 
1 64 
c 
I F ( X ( 1 , J ) . G T . A LOG 1 0 ( C S ) ) GOTO 1 00 
CONT I N U E  
Y = 1 0 . * * ( X ( I , J - 1 ) + ( A LOG 1 0 ( C S ) - X ( 1 , J - 1 ) ) * ( X ( I , J ) - X ( I , J - 1 ) ) 
*/ ( X ( 1 , J  ) - X (  1 , J - 1 ) ) )  
GOTO 3 00 
C SA= C S  
I F ( I . E Q . 2 )  C S =  1 .  0 
Y= B* SQRT ( C S )  
C S= C SA 
R E T U R N  
7 7  
E N D  
** ****** ****** ****************** * * ***** ** **** ** ** *************** ** / 
* S U B R O U T I N E FOR I N T E R PO LA T I ON O F  S HA P E  F AC T O R S  * 
* * ** ********** **************** * * * * * * * * * * * * * * * * * * * ******* ******** ** D� 
S U B RO U T I N E S F t N T R ( M , S F , S F T ) 
I F ( M . EQ . 2 )  GOTO 1 00 
I F  ( S F .  G E . . 3 .  A N D . S F .  L T  . .  5 )  S F T = O . 3 
I F ( S F . G E . .  5 . AN D . S F . L T  . .  7 )  S F T= 0 . 5 
I F ( S F . G E . .  7 . AN D . S F . LT . .  9 )  S FT = 0 . 7  
I F ( S F . G E . .  9 . AN D . S F . L T . 1 . ) S F T= 0 . 9 
I F ( S F . EQ . 1 . ) S F T= 1 . 
GOT O 200 
I F  ( S F .  G T  . .  3 .  AN D .  S F . LT  . .  5 )  S F T =O . 5 
I F ( S F . GT . .  5 . AN D . S F . L T  . .  7 )  S F T = 0 . 7 
I F ( S F . GT . .  7 . AN D . S F . L T  . .  9 )  S F T = 0 . 9 
I F ( S F . GT . .  9 . AN D . S F . LT . 1 . ) S F T= 1 . 0  
R E T U R N  
E N D  
******* ***** ** *********** ******** ** * *** * * * * * * * *** ********* **** **** 
* S U B R O U T I N E T O  CALCU LAT E  F A L L V E LOC I TY U S I NG R U B EY ' S EQUAT I ON * 
* ** *********** * ***************** ** ** * * * ** * * * * * ** * * * * * ************* 
S U B RO U T I N E R U B EY ( XN U , S PGR P , D , G , WR U B E ) 
R 1  = SQR T (  ( 2 . / 3 .  ) + (  ( 3 6 *X N U*XNU ) / ( G * ( S PG R P - 1 ) * D* D* D ) ) )  
R 2 = SQR T ( ( 3 6 *X N U *X N U ) / ( G* ( S PGR P - 1 ) * D* D* D ) ) 
R 3 = SQ R T ( G* ( S PGR P - 1 ) *D )  
WR U B E= ( R 1 - R2 ) * R 3  
R E T U R N  
E N D  
* ***** *** ****** ****************** ** * * * ** ***** * **** **** ********* 
* S U B R O U T I N E T O  CALCU LAT E FA L L  V E LOC I TY U S I NG ARMY COR P O F  * \ 
* E N G I N E E R S  WA T E RWAYS EX P ER I M E N T  S TA T I ON ' S M E T HOD B Y  DAV I D  * � 
* T .  W I L L I AMS ( H E C - 6  M E T HO D  2 ) .  * 
** *********** * ** ** *************** * * * * * * * * * * * * * * * ** * * * * ** ******* 
S U BROU T I N E FVWE S ( X N U , S PGR P , D , G , S F , H , J ) 
D I M E N S I ON D I F ( 50 ) , R E ( 5 0 ) , S I Z ( 1 0 )  
T T D= 2  . / 3 .  
F T R D = T T D*2 .  
S P SS= S PGR P - 1 
A L N S F = A LOG ( S F ) 
T EM PV= F T R D*G* S P S S  
I C N=O 
T EM P= T E M PV*D 
H F I R S T = ( SQR T ( T T D*G*S PS S*D*D*D+ 3 6 . *X N U*X N U ) - 6 . *X N U ) / D 
E S T I MA T E  R EY N O L D ' S  N UMB E R  
1 6 5 
1 66 
1 6 7 
1 6 8 
1 69 
1 70 
1 7 1  
1 7 2 
1 7 3 
1 7 4 
1 7 5 
1 7 6 
1 7 7 
1 7 8 
1 79 
1 8 0  
1 8 1  
1 8 2 
1 8 3  
1 8 4 
1 8 5 
1 86 




1 9 1  
1 92 
1 9 3 
1 9 4 
1 9 5 
1 9 6 
1 9 7 
1 9 8 
1 9 9 
200 
2 0 1 
202 
2 0 3  
204 
2 0 5  
206 
2 0 7  
2 0 8  
2 0 9  
2 1 0  
2 1 1 
2 1 2  
2 1 3 
2 1 4  
2 1 5  
2 1 6  
2 1 7  
2 1 8  
2 1 9  
2 2 0  
50 
1 00 
1 1 0 




3 2 0  
9 00 




R EY F S T = D* H F I R S T / XN U  
I F ( R E Y FS T . L T . 2000 . ) G O T O  1 00 
C D= . 4 7 - ( 1 . 8 3 *A L N S F ) 
H = SQR T ( T EM P/ C D ) 
R EY F S T= D*H/XNU 
I F (  I C N . E Q . 1 ) GOTO 900 
I CN= l 
I F ( R EY F ST . L T . 2000 . ) GOTO 1 00 
GOT O 900 
C D R E SQ= T EM P*D* D/ ( XN U*XNU ) 
I F ( R EY F S T . LT . 1 50 . ) GOTO 200 
P 1 = 5 0 . 
P 2 = 0 . 
O UM2= . 4 4 5  
N N = 1 
GOT O  1 04 0  
CON T I NU E  
H= C R E *X N U / D  
I F ( I C N . E Q . 1 )  G O T O  900 
R EY F ST = C R E  
I CN = 1 
I F ( R E Y F S T . L T . 1 5 0 . ) GOTO 200 
l f ( R f Y F ST . GT . 2000 . ) GOTO 50 
G O T O  900 
I F ( R EY F S T . L T . 1 0 . ) GOTO 3 00 
N N = 2 
P 1 = 2 0 . 
P 2 = 8 . 4 5 
D U M2= - . 0 3 9 9  
G O T O  1 0 4 0  
C O N T I NU E  
H = C R E *X N U / D  
I F ( I C N . E Q . 1 ) GOT O 900 
R E Y F S T = C R E  
I CN = 1 
I F ( R EY F S T . L T . 1 0 . ) GOTO 300 
I F ( R E Y F S T . G T . 1 5 0  . ) GOT 0 1 1 0 
GOTO 9 00 
P 1 =2 4 . 
P 2 = 0 . 
DUM2=2 . 2 3 54 
N N = 3 
G O T O  1 0 40 
C O N T I N U E  
H = C R E *X N U / D 
I F ( I C N . EQ . 1 ) Gc i 0 900 
R EY F S T =C R E  
I CN= l 
I F ( R EY F S T . GT . 1 0 . ) GOTO 200 
C O N T I N U E  
G O T O  1 000 
C O N T I N U E  
7 8 
CONV E R G E  ON R EY N O L D S  NUMB E R . R EY F ST I S  T H E  F I R ST E S T I MA T E  O F  R E Y . 
NO . C D R E SQ I S  A CON STANT D E F I N I NG DRAG C O E F F I C I E N T  T I M E S  R EY .  
N O . SQUAR E D  C R E  I S  T H E  CORR E C T  R EY .  N O . ; T H A T  SAT I S F I E S C D R E S Q  
J = 1 
R E ( l ) = R EY F S T  . 
D UMMY= SQR T ( C D R E SQ/ ( P 1 / R E ( 1 ) + P2 / SQR T ( R E ( 1 ) ) +D UM2 - ( ( AB S ( 6 . 56 - R E ( 1 ) **  
* . 5 1 ) / R E ( 1 ) * * . 62 ) + 1 . 45 ) *A LN S F ) )  





2 2 3  
2 2 4  
2 2 5  
2 2 6  
2 2 7  
2 2 8  
2 2 9  
2 3 0 
2 3 1  
2 3 2 
2 3 3  
2 3 4  
2 3 5  
2 3 6  
2 3 7  
2 3 8  
,o .  5 5  6 
1 . 9 0 3  
- . 46 9  
0 . 5 3 2  
1 . 9 0 3  
-- . 4 8 2  
X -o .  5 o 5  � 1 .  9 0 3  
- . 49 6  
(0 . 4 7 7  
1 . 9 0 3  
l - . 5 1 0 
7 0 . 44 7  
1 . 9 0 3  
- . 5 2 5  
PRC E N T = AB S (  D l  F (  1 ) / R E ( 1 ) ) 
I F ( PRC E N T . L T . . OO l )  GOTO 2040 c MA K E  S ECON D E S T I MA T E  OF R E Y .  NO . FOR S EC A N T  M E T HOD 
R E ( 2 ) = DU MMY 
I T E R= 50 
DO 2 0 1 0  J = 2 , I T E R  
D I F ( J ) = R E ( J ) - SQ R T ( C D R E SQ/ ( P 1 / R E ( J ) + P2 / SQR T ( R E ( J ) ) +D U M2 -* ( ( AB S ( 6 . 5 6 - R E ( J ) * * . 5 1 ) / R E ( J ) ** . 62 ) + 1 . 45 ) *A L N S F ) ) 
PRC E N T = A B S ( D I F ( J ) / R E ( J ) )  
I F ( P R C E N T . LT . .  00 1 ) GOTO 2040 
MA K E  E S T I MA T E O F  N EX T  R E Y .  NO . c 
2 0 1 0  
R E ( J + l  ) = R E ( J ) - D I F ( J ) / ( D I F ( J ) - D I F ( J - 1 ) ) * ( R E ( J ) - R E ( J - 1 ) )  CON T I N U E  
C R E  = R E ( J )  
1 0  
2 0 4 0  
1 000 
WR I T E ( 6 ,  1 0 } R E ( J ) 
FORMA T ( 5X , R EYNO L D S  N UM B E R  D I D  N O T  C O N V E RG E ,  R E  = ' , F 1 0 . 2 )  GOTO ( 1 20 , 220 , 3 2 0 ) , N N 
S E N T RY 
C R E = R E ( J )  
GO T O  ( 1 2 0 , 220 , 3 20 ) , N N 
R E T U R N  
E N D  
PROGRAM DATA ( SFJ THROUGH 
1 . 2 0 4  1 . 8 1 3 2 . 6 0 2  2 . 9 0 3  3 . 1 1 4 3 . 3 0 1  
1 . 4 7 7  1 . 1 4 6  0 . 7 7 8 0 . 6 6 8  0 . 6 0 2  0 . 5 5 6  
0 . 0 6 5  0 . 5 3 6 1 . 1 1 4 1 . 3 2 1  1 . 45 9  1 . 5 7 5  
0 . 9 2 9  1 . 3 9 8  1 . 7 7 8 2 . 2 5 5  2 . 8 1 3 3 . 34 2  
1 . 6 0 2  1 . 3 0 1  1 . 0 7 9  0 . 8 45 0 . 6 0 2  0 . 44 7  
- . 1 3 3  0 . 2 5 1  0 . 5 5 1  0 . 9 0 8  1 . 3 0 8  1 . 6 5 1  
1 . 1 1 4 1 . 5 8 0 1 . 9 5 4  2 . 6 6 3  3 . 1 1 4 3 . 6 9 9  
1 . 4 1 5  1 . 1 1 4 0 . 9 0 3 0 . 5 8 0  0 . 3 9 8  0 . 2 0 4 
0 . 0 5 2  0 . 4 3 6  0 . 7 2 8  1 . 2 44 1 . 5 6 1  1 . 9 5 0  
1 . 0 0 0  1 . 6 2 3  2 . 6 9 9  3 . 1 4 6  3 . 9 2 9 4 . 3 0 1  
1 . 44 7  1 . 0 4 1  0 . 4 6 2  0 . 2 7 9  0 . 04 1  - . 04 6  
- . 0 2 1  0 . 4 9 4  1 . 3 2 2  1 . 6 3 7  2 . 1 4 0  2 . 3 7 6  
1 . 1 1 4 1 . 7 6 3  2 . 3 0 1  2 . 8 4 5  3 . 5 3 2  4 . 1 1 4 
1 . 3 2 2  0 . 9 0 3  0 . 6 0 2  0 . 3 4 2  0 . 0 7 9  - . 0 9 7  
0 . 0 9 9  0 . 6 2 3  1 . 0 5 3  1 . 4 5 5  1 . 9 2 9  2 . 3 0 1  
SF 1 0 )  
3 . 6 0 2  3 . 9 5 4  4 . 4 7 7  (. 5 
0 . 5 0 5 0 . 4 7 7  0 . 444 C J)  
1 . 7 5 2  1 . 9 4 2  2 . 2 2 0  'f< -
4 . 2 5 5  5 . 0 0 0  5 . 4 7 7  c. <.. 
0 . 2 7 9  0 .  � �- 8  0 . 2 1 0 ( \)  
2 . 1 9 1  2 . .S 9 4  2 .  8 3  7 p...-
4 . 1 1 4 4 . 6 0 2  5 : 6 9  9 {_'> 
0 . 1 1 4 0 . 0 7 9  0 .  0 4 1 c_\) 
2 . 2 0 3  2 . 4 6 4  3 . 0 3 1  �� 
4 . 8 7 5  5 . 3 0 1  5 . 7 7 8
L ) 
- . 1 2 5 - . 1 5 5  - . 1 7 4 '-
2 . 7 0 3  2 . 9 3 1  3 . 1 7 9  
4 . 5 3 2 5 . 1 1 4 6 . 0 0 0  ( 
- . 1 8 7  - . 2 5 2  - . 2 9 2  f:-_ 
2 . 5 5 6  2 . 8 8 7  3 . 3 4 9  
79 
�- � - .. 
80  
I NPUT DATA FOR C O NDIT I O N  OF C HANGING D IAMETER 
3 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 3 0 0 . 2 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 3 0 0 . 5 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 3 0 1 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 65 0  0 2 0 . 0  0 . 3 0 2 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0 
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0 0 2 0 . 0  0 . 3 0 4 . 0 0 0 0 0 0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 3 0 8 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 0 . 2 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 0 . 5 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 1 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 2 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7 0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 4 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0. 7  0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 8 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7 0 2 . 6 5 0  0 2 0 . 0  0 . 7 0 0 . 2 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 7 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 7 0 1 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 7 0 2 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 7 0 4 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 7 0 8 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 9 0 0 . 2 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  "0 2 0 . 0  0 . 9 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 9 0 1 . 0 0 0 0 0 0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 9 0 2 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 9 0 4 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 9 0 8 . 0 0 0 0 0 0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 0 . 2 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 0 . 5 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 1 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 2 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 4 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 8 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
OUTPUT FOR CONDITION OF CHANGING DIAMETER 
F A L L  V E L OC I T Y COM PU T E R  P ROGRAM 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - FA L L VE LOC I T Y- - - - - - - - - - -
PAR l I C L E D I A . SHA P E  S P E C I F I C  T EM P E RA T U R E  C S  VS . C D  C S  V S . R E  R U B EY W . E . S . 
I N  MM FAC T OR GRAV I T Y DEG- C CM/ S CM/ S CM/ S CM/ S 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
0 . 2 U U l l 0  0 .  3 0  2 . 6 5 0  2U . OO 1 . 7 6 7 7  1 . 7 6 5 7  2 . 5 2 0 5  1 . 8 0 9 4  
0 . 50000 0 .  3 0  2 . 6 5 0  20 . 00 5 . 0 2 7 6 5 . 0 3 0 4  6 .  2 Lt 0 8  4 . 9 1 5 1  
1 . 00000 0 .  3 0  2 . 6 5 0  20 . 0 0 8 . 4 5 8 2  8 . 4 6 8 5  9 . ·8 0 1 3 8 . 3 3 6 7 
2 . 00 000 0 . 3 0 2 . 6 5 0  20 . 00 1 2 . 4 6 0 6  1 2 . 4 7 26 1 L 3 9 3 3  1 2 . 4 3 8 5  
lt . 00000 0 .  3 0  2 . 6 5 0  20 . 00 1 7 . 62 1 9  ' 1 7 . 6 3 8 9  . 2 0 . 6 2 5 4  1 7 . 8 4 4 1 
8 . 00000 0 . 3 0 2 . 6 50 20 . 00 2 4 . 9 2 1 2  2'4 . 94 5 1  2 9 . 3 0 6 5  2 5 . 4 1 3 8 
0 . 20000 0 . 50 2 . 6 5 0  20 . 0 0 1 . 9 Lt 8 2  1 .  9 4 2 3  2 . 5 2 0 5 2 . 0 2 4 3 
0 . 50000 0 . 5 0 2 . 6 5 0  20 . 00 5 . 5 7 6 4  5 . 5 7 5 4  6 . 2 4 0 8  5 . 6 7 6 3  
1 . 00U00 0 . 5 0 2 . 6 5 0  2 0 . 00 9 . 9 2 9 2  9 . 9 3 4 1 9 . 8 0 1 3  9 . 9 6 9 9  
2 . 00000 0 . 5 0 2 . 6 5 0  2 0 . 00 1 5 . 9 0 6 8  1 5 . 90 7 9  1 lL 3 9 3 3  1 5 . 2 6 4 5  
4 . 00000 0 . 5 0 2 . 6 5 0  20 . 00 2 2 . 4 0 3 2  2 2 . 3 89 2  2 0 . 6 2 5 4  2 2 . 0 9 7 9  
8 . 00000 0 . 5 0 2 . 6 5 0  2 0 . 0 0  3 1 . 6 8 3 0  3 1 . 66 3 1 2 9 . 3 0 6 5  3 1 . 5 1 4 3  
0 . 20000 0 . 7 0 2 . 6 5 0  20 . 00 2 . 1 3 6 6  2 . 1 3 5 1  2 . 5 2 0 5  2 . 2 1 02 
0 . 50000 0 .  70 2 . 6 5 0  2 0 . 00 6 .  2 9.8 6  6 . 2 9 7 6  6 . 2 4 0 8  6 . 4 1 1 0  
1 . 00000 0 . 7 0 2 . 6 5 0  2 0 . 00 1 2 . 2 8 1 1 1 2 . 2 7 5 3  9 . 80 1 3 1 1 . 9 5 9 8  
2 . 00000 0 .  70 2 . 6 5 0  20 . 00 1 9 .  1 lt 26 1 9 . 1 1 7 3 1 4 . 3 9 3 3  1 8 . 7 9 8 3  
4 . 00000 0 . 7 0 2 . 6 5 0  20 . 00 28 . 0 1 4 2 2 7 . 9 8 6 5  2 0 . 6 2 5 4  2 7 . 4 8 7 9  
8 . 0 0000 0 .  7 0  2 . 6 5 0  2 0 . 00 3 9 . 6 1 8 1  3 9 . 5 7 8 9  2 9 . 3 06 5  3 9 . 2 1 5 3 
0 . 20000 0 . 90 2 . 6 5 0  2 0 . 0 0 2 . 24 6 2 2 . 2 4 6 9  2 . 5 2 0 5  2 . 3 7 5 9  
0 .  5 U00ll 0 . 90 2 . 6 5 0  2 0 . 00 7 .  1 1 1 0 7 . 1 1 96 6 . 2 4 0 8  7 . 2 0 4 6  
1 . 00000 0 . 9 0 2 . 6 50 2 0 . 00 1 3 . 9 7 96 1 3 . 7 5 9 1 9 . 80 1 3 1 4 . 8 9 6 2  
2 . UUOOO 0 . 90 2 . 6 5 0  2 0 . 00 2 3 . 8 1 9 5 2 3 . 8 1 90 1 4 . 3 9 3 3  2 4 . 1 5 3 4  
Lt . 00000 0 . 90 2 . 6 50 2 0 . 00 3 5 . 8 1 6 7  3 5 . 8 1 9 1  2 0  . . 6 2 5 4  3 5 . 8 3 6 9  
8 . 00000 0 . 90 2 . 6 5 0  2 0 . 00 50 . 7 6 3 7  5 0 . 7 4 9 5  2 9 . 3 0 6 5  5 1 . 0 3 8 3  
0 . 20000 1 . 00 2 . 6 5 0  2 0 . 0 0 2 . 4 1 8 0 2 . 3 6 9 7  2 . 5 2 0 5  2 . 4 5 6 2  
0 . 50000 1 .  00 2 . 6 5 0  2 0 . 00 7 . 5 8 0 1 7 . 5 8 4 8  6 . 2 4 0 8  7 . 6 2 6 2  
1 . 00000 1 . 0 0 2 . 6 5 0 2 0 . 00 1 5 . 3 6 4 8  1 5 . 1 8 3 3  9 . 8 0 1 3 1 7 . 0 8 0 3  
2 . 00000 1 .  00 2 . 6 5 0  2 0 . 0 0 2 6 . 7 7 1 7  2 6 . 6 0 9 7  1 4 . 3 9 3 3  2 8 . 4 5 5 9  
4 . 00000 1 .  00 2 . 6 5 0  20 . 00 l tO . 5 4 5 4  4 0 . 5 7 6 8  2 0 . 6 2 5 4  4 2 . 6 5 3 2  
8 . 00000 1 .  00 2 . 6 5 0  2 0 . 00 5 8 . 1 8 4 3 5 8 . 1 9 66 2 0 . 3 0 6 5  6 0 . 6 0 9 6  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
(X) � 
82 
I N�UT DAT A FOR C ONDIT I ON OF CHANG I NG SHAPE FACT OR 
3 2  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 3 0 0 . 2 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 4 0 0 . 2 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 0 . 2 0 0 0 0 0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 6 0 0 . 2 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 7 0 0 . 2 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 8 0 0 . 2 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 9 0 0 . 2 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 0 . 2 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 3 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 4 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 6 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 ·: 6 5 0  0 2 0 . 0  0 . 7 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 8 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 9 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0 
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 3 0 1 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0 
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 4 0 1 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 1 . 0 0 0 0 0 0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 6 0 1 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0 
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 .  7 0  1 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 8 0 1 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 9 0 1 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 1 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 3 0 2 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 4 0 2 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 2 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 6 0 2 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 7 0 2 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 8 0 2 . 0 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 9 0 2 . 0 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7 0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 2 . 0 0 0 0 0  0 9 . 8 1 0 " 0 9 9 8 . 2 0 0  
OUTPUT FOR CONDITION OF CHANGING SHAPE FACTOR 
F A L L  V E LOC I T Y COM P U T E R  PROGRAM 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - FA LL V E LOC I TY- - - - - - - - - - -
PAR T I C L E  D I A . SHA P E S P E C I F I C T EM P ERAT U R E  C S  VS . C D  C S  V S . R E  R U B E Y  w .  E . s .  
I N  MM F AC T OR G R AV I T Y D E G - C  CM/ S CM/ S CM/ S CM/ S 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
0 . 20000 0 . 3 0 2 . 6 50 20 . 00 1 . 7 6 7 7  1 . 7 6 5 7  2 . 5205 1 . 8094 
0 . 20000 0 . 14 0  2 . 6 50 2 0 . 00 1 .  8 7 1 7  1 .  8698 2 . 5 2 7 4  1 .  9 2 76 
0 . 20000 0 . 5 0 2 . 6 50 2 0 . 0 0  1 . 9 4 8 2  1 .  9 4 6 3 2 . 5 2 0 5  2 . 024 3 
0 . 20000 0 . 6 0 2 . 6 5 0  2 0 . 0 0 2 . 0 5 3 6 2 . 0 5 1 9  2 . 5 2 7 4  2 . 1 2 3 8  
0 . 20000 0 .  70  2 . 6 5 0  20 . 0 0 2 . 1 3 6 6  ' 2 .  1 3 5 1  2 . 5 2 0 5  2 . 2 1 02 
0 . 20000 0 . 8 0 2 . 6 50 20 . 0 0 2 . 2 0 0 3  2 .  1 999 2 . 5 2 7 4  2 . 300 1 
0 . 20000 0 . 90 2 . 6 5 0  20 . 0 0 2 . 2 1t 6 2  2 . 2 4 6 9  2 . 5205 2 . 3 7 5 9  
0 . 20000 1 . 00 2 . 6 5 0  20 . 00 2 . 4 2 4 8  2 . 3 769 2 . 5 2 7 4  2 . 462 7 
0 . 5 0 000 0 . 3 0 2 . 6 5 0  20 . 00 5 . 0 1 96 5 . 0 2 2 6  6 . 2 3 5 7  4 . 9068 
0 . 5 0 00(1  0 . 4 0 2 . 6 5 0  20 . 00 5 . 3 29 6  5 . 3 3 0 lJ 6 . 2 4 0 8  5 . 3 09 2  
0 . 50000 0 . 50 2 . 6 50 20 . 00 5 . 5 6 8 1 5 . 56 7 1 6 . 2 3 5 7  5 . 6 6 5 9  
( ) . 5 0 0 0 0  0 . 6 0 2 . 6 50 20 . 0 0  5 . 9 5 6 8  5 . 9 5 5 8  6 . 2 4 08 6 . 04 0 4  
0 . 5 0 0 0 0  () . 7 0  2 . 6 5 0  2 0 . 00 6 . 2 8 5 8  6 . 284 7 6 . 2 3 5 7  6 . 3 9 7 8  
0 . 501 100 0 . 8 0 2 . 6 5 0  20 . 00 6 . 7 0 4 2  6 .  7 0 8 0  6 . 2 3 5 7  6 .  7 8 1 5 -
0 . 50000 0 . 9 0 2 . 6 5 0  20 . 00 7 . 1 1 1 0 7 . 1 1 96 6 . 2 4 08 7 . 20 4 6  
0 . 50000 1 .  00 2 . 6 50 20 . 0 0 7 . 5 6 5 5  7 . 5 7 0 3  6 . 2 3 5 7  7 . 60 7 6  
1 .  ooono 0 .  3 0  2 . 6 5 0 2 0 . 00 8 . 4 6 1 6  8 . 4 7 1 9  9 . 8042 8 . 3 4 0 1 
1 . 00000 0 . 4 0 2 . 6 5 0  20 . 00 9 . 2 5 7 5 9 . 2 6 5 0  9 . 80 1 3 9 . 1 3 3 8  
1 . ooonu 0 . 5 0 2 . 6 5 0  20 . 0 0 9 . 9 3 8 5  9 . 94 3 2  9 . 8042 9 . 9 76 6  
1 .  00000 0 . 6 0 2 . 6 5 0  2 0 . 00 1 1  . 1 4 1 1t 1 1 . 1 4 1 1 9 . 80 1 3  1 0 . 8920 
1 . 1.1000 1 1 0 . 7 1 )  2 . 6 5 0  20 . 0 0  1 2 . 294 5 1 2 . 2889 9 . 80l.t 2 1 1 . 9 7 1 9  
1 . nnnoo 0 . 80 2 . 6 5 0  20 . 0 0 1 3 . 1 56 1  1 3 .  0 14 2 6  9 . 8 0 1 3  1 3 . 2 3 3 5  
1 . 0 1 1 0 0 0  0 . 90 2 . 6 5 0  2 0 . 00 1 1L 00 1 0  1 3 . 7 789 9 . 804 2 1 4 . 920 1 
1 .  ( ) ( ) ( ) ( ) ( )  1 .  0 0  2 .  6 �) 0  20 . 00 1 5 .  3 6 '•8  1 5 . 1 8 3 3  9 . 80 1 3  1 7 . 080 3 
2 . 00000 0 . 3 0 2 . 6 5 0  20 . 00 1. 2 .  4 6 0 6  1 2 . 4 7 26 1 4 . 3 9 3 3  1 2 . 4 3 8 5  
2 .  ( ) ( ) ( ) ( ) ( )  0 .  ' 4 0  2 . 6 5 0  2 0 . 0 0  1 4 .  2 9 I J 2  1 l L  3 006 1 4 . 3 9 1 8  1 3 . 80 4 5  
2 . 0 0 0 0 0  0 . 5 0 2 . 6 5 0  2 0 . 00 1 5 . 9 0 6 8  1 5 . 90 7 9  1 1-t . 3 9 3 3  1 5 . 26 4 5  
2 . 0 00 1 1 1 )  0 . 6 0 2 . 6 50 2 0 . 00 1 7 . 5 8 0 7  1 7 . 5686 1 1L 3 9 1 8  1 6 . 8905 
2 .  () ( ) ( ) ( ) ( ) 0 . 7 0 2 . 6 5 0 2 0 . 00 1 9 . 1 4 26 1 9 . 1 1 7 3  1 4 . 3 9 3 3  1 8 . 7 9 8 3 
2 . 0 0 0 0 0  0 . 8 0 2 . 6 5 0  2 0 . 00 2 1 . 4 9 0 5  2 1 . 4 768 1 4 . 3 9 1 8  2 1 . 1 3 06 
2 . 00000 0 . 9 0 2 . 650 20 . 00 2 3 . 8 1 9 5 2 3 . 8 1 9 0 1 4 . 3 9 3 3  2 4 . 1 5 3 4  
2 . 00000 1 .  00 2 . 6 50 20 . 00 26 . 7 5 6 7 2 6 . 5 9 1 3  1 4 . 3 9 1 8  28 . 4 4 29 




INPUT DATA FO R C ONDITION OF CHANGING SPEC IFIC GRAVITY 
3 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 0 0 0  0 2 0 . 0  0 . 3 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 3 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 4 . 3 0 0  0 2 0 . 0  0 . 3 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 5 . 0 0 0  0 2 0 . 0  0 . 3 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 6 . 0 0 0  0 2 0 . 0  0 . 3 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 7 . 5 0 0  0 2 0 . 0  0 . 3 0 0 . 5 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 0 0 0  0 2 0 . 0  0 . 5 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 5 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  04 . 3 0 0  0 2 0 . 0  0 . 5 0 0 . 5 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 � . 0 0 0 0 0 1 0 0 7  0 5 . 0 0 0  0 2 0 . 0  0 . 5 0 0 . 5 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7 0 6 . 0 0 0  0 2 0 . 0  0 . 5 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 7 . 5 0 0 0 2 0 . 0  0 . 5 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2- . 0 0 0  0 2 0 . 0  0 . 7 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 7 0 0 . 5 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 4 . 3 0 0  0 2 0 . 0  0 . 7 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 5 . 0 0 0  0 2 0 . 0  0 . 7 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 6 . 0 0 0  0 2 0 . 0  0 . 7 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 7 . 5 0 0  0 2 0 . 0  0 . 7 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 0 0 0  0 2 0 . 0  0 . 9 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  0 . 9 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 4 . 3 0 0  0 2 0 . 0  0 . 9 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 5 . 0 0 0  0 2 0 . 0  0 . 9 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 6 . 0 0 0  0 2 0 . 0  0 . 9 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 7 . 5 0 0  0 2 0 . 0  0 . 9 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 2 . 0 0 0  0 2 0 . 0  1 . 0 0 0 . 5 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7  0 2 . 6 5 0  0 2 0 . 0  1 . 0 0 0 . 5 0 0 0 0  0 9 . 8 1 0 0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 4 . 3 0 0  0 2 0 . 0  1 . 0 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0 0 0 0 1 0 0 7 0 5 . 0 0 0  0 2 0 . 0  1 . 0 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 0 . 0 0 0 0 0 1 0 0 7  0 6 . 0 0 0  0 2 0 . 0  1 . 0 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
1 - . 0 0.0 0 0 1 0 0 7  0 7 . 5 0 0  0 2 0 . 0  1 . 0 0 0 . 5 0 0 0 0  0 9 . 8 1 0  0 9 9 8 . 2 0 0  
OUTPUT FOR CONDITION OF CHANGING SPECIFIC GRAVITY 
F A L L VE LOC I TY COM PU T E R PROGRAM 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - F AL L  V E LOC I TY- - - - - - - - - - -
PAR T I C L E  D I A . SHA P E  S P EC I F I C  T EM P E R A T U R E  CS VS . C D  C S  VS . R E  RUBEY w .  E .  s .  
I N  MM FACTOR GRAV I TY D E G- C CM/ S CM/ S CM/ S  CM/ S  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
0 . 50000 0 .  3 0  2 . 000 2 0 . 00 3 . 5 9 1 2  3 . 5 9 1 4  4 . 6 3 6 3  3 . 4 9 5 4  
0 . 5 0 0 0 0  0 .  3 0  2 . 6 5 0  2 0 . 0 0  5 . 0 2 7 6  5 . 0 3 04 6 . 2 4 0 8  4 . 9 1 5 1 
0 . 50000 0 . 3 0 4 . 3 00 2 0 . 00 7 . 7 7 4 2  7 .  7669 9 . 2 4 9 6  7 .  7 3 5 7  
0 . 50000 0 . 3 0 5 . 00 0  2 0 . 00 8 . 7 0 7 2  8 . 7 0 4 9  1 0 . 2 9 7 5 8 . 6 6 6 2  
0 . 50000 0 .  3 0  6 . 00 0  20 . 0 0  9 . 9 1 2 3 9 . 9 1 6 7 1 1 . 6 3 5 3  9 . 804 5 
0 . 50000 0 . 3 0 7 . 5 0 0  20 . 0 0 1 1 . 5 4 5 5  , 1 1 .  5 5 96 1 3 . 4 2 6 2 1 1 . 3 3 7 5 
0 . 5 0000 0 . 50 2 . 00 0  20 . 0 0 Ll . 0206 4 . 0 1 6 3  4 . 6 3 6 3  4 . 00 7 8  
0 .  501 100 I I . 5( J  2 .  ( , 5 () 20 . 0 0  5 . 5 7 6 4  5 . 5 7 5 4 6 . 2 4 0 8  5 . 6 7 6 3  
0 . 50000 U . 50 4 . 3 00 2 0 . 0 0  8 . 7 1 6 2  8 . 7 260 9 . 2 4 9 6  8 . 9 2 5 6  
0 . 50000 0 . 5 0 5 . 000 2 0 . 0 0  9 . 80 3 6  9 . 8 1 48 1 0 . 2 9 7 5  1 0 . 0 1 2 9 
0 . 50000 0 . 5 0 6 . 000 2 0 . 0 0  1 1 . 1 7 78 1 1 . 1 8 92 1 1 . 6 3 5 3  1 1 . 4 0 6 0  
0 . 50000 0 . 5 0 7 . 500 2 0 . 00 1 3 . 068 1 1 3 . 0 7 9 5 1 3 . 4 2 6 2  1 3 . 29 9 8  
0 . 50000 0 . 7 0 2 . 000 2 0 . 00 4 . 4 2 3 2  4 . 4 2 00 4 . 6 3 6 3  4 . 4 8 2 4  
0 . 50000 0 . 7 0 2 . 6 50 2 0 . 00 6 . 2986 6 . 2 9 7 6  6 . 2 4 0 8  6 .  4 1 1 0  
0 . 50000 0 . 70 4 . 3 0 0  20 . 0 0 1 0 . 0 5 1 0  1 0 . 04 7 6  9 . 2 4 9 6  1 0 . 1 6 7 2  
0 . 50000 0 . 7 0 5 . 000 2 0 . 00 1 1 . 4 4 3 5  1 1 . 4 3 7 6 1 0 . 29 7 5  1 1 . 4 9 8 2  
0 . 50000 0 .  7 0  6 . 000 2 0 . 0 0  1 3 .  2 5 1-t 3  1 3 . 2 4 5 1 1 1 . 6 3 5 3  1 3 . 20 7 5  
0 . 5 0 0 0 0  0 .  7 0  7 . 5 0 0  2 0 . 0 0  1 5 . 8 1 06 1 5 . 7 9 5 9  1 3 . 4 2 6 2  1 5 . 5 6 0 7  
0 . 5 00 00 0 . 90 2 . 000 2 0 . 0 0  4 . 9862 4 . 992 3 4 . 6 3 6 3  4 . 9 7 5 2  
0 . 50000 0 . 90 2 . 6 5 0  2 0 . 00 7 . 1 1 1 0 7 . 1 1 96 6 . 2408 7 . 2 0 4 6  
0 . 5 0 0 0 0  0 . 9 0 L1 . 3 0 0  2 0 . 0 0 1 1 . 3 2 3 9 1 1 . 2 9 4 3  9 .  2 4 9 6  1 1 . 6 9 5 0  
0 . 50000 0 . 90 5 . 000 20 . 00 1 2 . 8 5 6 7  1 2 . 7982 1 0 . 2 9 7 5  1 3 . 3 7 6 1  
0 . 50000 0 . 90 6 . 000 2 0 . 0 0  1 l-t . 8 4 7 3  1 4 . 7 4 9 7  1 1 . 6 3 5 3  1 5 . 5 5 04 
0 . 50000 0 . 90 7 . 500 2 0 . 00 1 7 . 64 4 2  1 7 . 4 8 2 5  1 3 . 4 262 1 8 . 6 0 8 8  
0 . 50000 1 .  00 2 . 00 0 2 0 . 00 5 . 3 26 0  5 . 3 3 2 4  4 . 6 3 6 3  5 . 2 3 9 1  
0 . 50000 1 . 0 0  2 . 6 5 0  20 . 00 7 . 580 1 7 . 5 8 4 8  6 . 2408 7 . 6 2 6 2  
0 . 50000 1 .  0 0  4 . 3 0 0  2 0 . 0 0  1 2 . 2 1 7 2 1 2 . 2 1 2 7 9 . 2 4 9 6  1 2 . 6 7 5 9 
0 . 50000 1 . 0 0 5 . 000 2 0 . 00 1 3 . 98 2 2  1 3 . 9 7 28 1 0 . 2 9 7 5  1 4 . 6 2 1 3  
0 . 5 0 0 0 0  1 .  0 0  6 . 0 0 0  2 0 . 0 0  1 6 . 28 3 3 1 6 . 2 6 7 4  1 1 . 6 3 5 3  1 7 . 1 5 9 2  
0 . 5 0 0 0 0  1 .  0 0  7 . 50 0  20 . 00 1 9 . 40 3 1  1 9 . 3 3 5 5  1 3 . 42 6 2  2 0 . 8006 
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D E PA RTM ENT OF TH E A R MY 
M I SSO U R I  R I V E R  O I V I S I O N ,  CO RPS O F  E NG I N E E RS 
P. 0. BOX 1 0 3 .  D O W N TO W N  STA T I O N  
O M A H A .  N E BRASKA 6 8 1 0 1  
Ma r c h  1 3 ,  1984 
D r . Al P r a s hun 
C iv i l  E n g i n e e r ing Dep artme n t  
S ou t h  Dako t a  S t a t e  Univer s i ty 
Brooking s , S o u t h  Dak o t a  5 7006 
D e a r  Al : 
Enc l o s e d  i s  a c opy of the report on fa l l  ve l oc i t i es you 
c a l l e d  a b o u t . We on l y  had one copy l e f t  in our l ib ra ry , 
s o  had them run you a print . - Our l ib rary copy h a d  a n o t e  
a t t ac h e d  t o  i t  s t a t in g , " t h i s  pub l i c a t ion use s s ome unve r i f i ed 
a s s ump t i o n s  wh ich c ou l d  lead t o  e rroneous re s u l t s . "  A l  
Harr i s on re c a l l s  tha t there was con s iderab l e  d is a greemen t 
b e twee n  t h e  authors and the Corps over th i s  pub l i c a t ion 
at one t ime , t h e r e fore , d i s t r i but ion has been l im i t e d . 
Un fo r t una t e ly ,  none o f  tho s e  ind i v i dua l s  are around anymo re , 
s o  c anno t  f i nd o u t  wha t  the spe c 1 f i c  prob l ems we re . I f  
you f ind any t h ing you might l e t  me know . 
Good t a l k ing to you -
E n c l o s ure 
t ake c a re . �-· 
S i ncere l , 
LN .� 
Warren J .  Me l lema , P . E .  
Ch i e f ,  Hydrau l i c s  & Hydro l o gy 
S e c t ion 
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